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Molecular recognition in surface chemistry is of paramount importance for many applications 
such as heterogeneous catalysis, crystallization and the design of interfaces for new devices. Resolution 
of chiral compounds into pure enantiomers via crystallization is for example the most important ap-
proach in pharmaceutical and fragrance industries in order to obtain pure drugs and scents from racemic 
solutions. Chiral recognition also plays an important role for the design of non-linear optics or spin filters 
as well as for the understanding of biological systems and the origin of homochirality of life. Our current 
understanding of intermolecular interactions is still incomplete and calls for the study of adequate model 
systems. Modern methods of surface science are applied in ultrahigh vacuum: mainly scanning tunneling 
microscopy (STM), but also X-ray photoelectron spectroscopy (XPS) and temperature desorption spec-
troscopy (TDS). The results are justified with theoretical models using extended Hückel theory (EHT), 
molecular mechanics (MM) or density functional theory (DFT). Non-planar polycyclic aromatic hydrocar-
bons (PAH) are particularly interesting because they offer a complex chemistry with a wide range of 
properties useful for different applications. Two different molecular classes were studied on single crystal 
metal surfaces: chiral (helical) and curved (bowl-shaped) aromatic molecules.  
 
Helicenes, a class of PAH with a helical backbone, are perfect candidates to investigate the 
chemistry and the interactions between chiral molecules. We present an elucidation of chiral recognition 
of different helicenes in monolayer and multi-layer films on a Cu(111) surface. At low coverages, racemic 
pentahelicene ([5]H, C22H14) forms non-covalently-bonded homochiral dimers, i.e. both molecules have 
the same handedness. Close to monolayer coverage, a transition from a 2D racemate, which means that 
it is composed of homochiral pairs with opposite handedness, to a conglomerate of homochiral mirror 
domains is observed in the first layer. It is found that this phenomenon is induced by second layer 
nucleation and indicates a long-range chiral communication between second layer islands and other 
areas on the surface. It also shows a drastic transformation of the self-assembly due to a small 
enantiomeric bias. 
 
Molecular functionalisation, interesting for surface patterning and for the tunability of molecular 
functionality, will be discussed by comparing enantiopure 1-azahexahelicene (aza[6]H) with previous 
results obtained on heptahelicene ([7]H) and amino[6]H on Au(111) and Cu(100).  
 
Surfaces provide an up–down asymmetry which might induce stereochemical effects during 
chemical reactions of chiral molecules. This is investigated through the study of Ullmann coupling, which 
x 
 
has become very popular for the carbon–carbon coupling of organic molecules on surfaces. The Ullmann 
coupling of bromo[4]H on Cu(100) gives rise to the formation of homochiral bis[4], which self-assemble 
into homochiral mirror domains. The diastereoselectivity is rather based on the low inversion barrier of 
the [4]H subunits than any selectivity during coupling which is performed at 200 °C. In comparison, the 
study of bromo[7]H, having substantially higher inversion barriers shows no diastereoselectivity. On 
Au(111), the coupling of two Br[7]H produces both heterochiral and homochiral bis[7]H, arranging in 
two different long-range ordered structures. On Cu(111), the formation of an intermediate organome-
tallic compound is observed but the presence of Br affects the self-assembly after covalent coupling. Br 
desorbs only in the presence of atomic hydrogen, requiring at least a partial dehydrogenation of the 
molecules. This observation is usually neglected in the now wide field of covalent on-surface chemistry 
and has significant consequences on the reaction products of halogenated molecules. 
 
Novel reaction products can also be produced by fragmentation or recombination during 
thermal decomposition of molecules. When thermodynamically favored, decomposition can proceed 
autocatalytically on surface, as often observed for oxygen-containing molecules such as carboxylic acids. 
A better understanding of the mechanisms leading to this reaction, called “surface explosion”, is 
achieved by studying for the first time the autocatalytic decomposition of PAH which do not contain 
oxygen on O/Cu(100). Br[7]H undergoes an autocatalytic decomposition. On the contrary, non-
brominated heptahelicene does not show autocatalytic behavior during decomposition. Consequently, 
the “anchoring” via the organometallic bond due to scission of the halogen-carbon bond during thermal 
annealing is a necessary condition for the surface explosion. Measurements on different types of PAH 
lead to the conclusion that in addition steric overcrowding induced (cyclo) dehydrogenation, is necessary 
for the initiation of the autocatalytic process. Such insight into the mechanism of this autocatalytic 
process could be beneficial for the understanding of heterogeneous catalysis. 
 
 Buckybowls, a class of curved PAH are discussed in the second part of this thesis. They generated 
great attention due to their opto-electronic properties induced by specific intermolecular π-π 
interactions. Thus understanding the self-assembly of buckybowls is attractive for various applications 
in organic electronics (organic semiconductors, photovoltaics, light-emitting diodes and thin film 
transistors). Spontaneous ordering was studied for several corannulene derivatives on Cu(111): 
pentaindenocorannulene (PiC), monoindenocorannulene (MiC), the C70 fragment C38H14 and 
terphenylcorannulene (TpC). The single-molecule adsorption footprints are justified by a complex 




charge redistribution at the interface. Peculiar self-assembled motifs can be explained by attractive π-π 
and CH-π non-covalent bonding forces between the molecules. 
 
Buckybowls such as pentaindenocorannulene (PiC) are also considered for hydrogen storage, to 
act as fullerene receptors and for medical applications (toxin inhibitors, drugs-encapsulation or nano-
membranes fabrications). To reach this goal, the thermally induced on-surface chemistry of PiC, is stud-
ied on Cu(100). At low coverage (θ < 0.3 ML), when intermolecular interactions are negligible, PiC ad-
sorbs bowl opening-up with its C5 symmetry axis perpendicular to the surface. At larger coverage, mol-
ecules tilt due to intermolecular CH-π and π-π intermolecular interactions. Annealing at 503 K leads to 


















Wechselwirkungen zwischen Molekülen an Oberflächen sind für viele Prozesse entscheidend. 
Beispiele sind die heterogene Katalyse, die Kristallisation und neuartige Elektrodengrenzflächen in elekt-
ronischen Bauteilen. Die Trennung von Enantiomeren von chiralen Molekülen mittels Kristallisation ist 
der wichtigste Ansatz in der Pharma- und Duftstoffindustrie, um aus razemischen Lösungen enantiome-
ren-reine Wirk- und Duftstoffe zu erhalten. Chirale Moleküle spielen auch eine wichtige Rolle beim De-
sign von nichtlinearen Optiken und Spinfiltern, dem Verständnis biologischer Systeme und der Entste-
hung der Homochiralität des Lebens. Unser derzeitiges Verständnis intermolekularer Wechselwirkungen 
ist noch unvollständig und erfordert das Studium adäquater Modellsysteme. Zu Anwendung kommen 
moderne Methoden der Oberflächenphysik im Ultrahochvakuum. Den Schwerpunkt bildet hier die Ras-
tertunnelmikroskopie (STM), unterstützt durch Röntgenphotoelektronenspektroskopie (XPS) und 
Themodesorptionsspektroskopie (TDS). Die Resultate werden mit theoretischen Modellen unter Verwen-
dung der erweiterten Hückel-Theorie (EHT), der Molekularmechanik (MM) und der Dichtefunktionalthe-
orie (DFT) erklärt. Nicht-planare polyzyklische aromatische Kohlenwasserstoffe (PAH) sind besonders in-
teressant, weil sie eine komplexe Chemie mit einer breiten Palette von Eigenschaften bieten, welche für 
verschiedene Anwendungen nützlich sind. In dieser Arbeit werden zwei verschiedene Molekülklassen auf 
einkristallinen Metalloberflächen behandelt: chirale (helikale) und gekrümmte (korbförmige) aromati-
sche Moleküle. 
 
Helicene, eine Klasse von PAH mit helikalem Rückgrat sind perfekte Kandidaten um die Chemie 
und die Wechselwirkungen zwischen chiralen Molekülen zu studieren. Wir präsentieren eine Aufklärung 
der Wechselwirkung zwischen Helicenen in Mono- und Multilagen auf einer Cu(111) Oberfläche. Bei 
geringen Bedeckungen bildet racemisches Pentahelicene ([5]H, C22H14) nicht-kovalent gebundene ho-
mochirale Dimere, d.h. beide Moleküle haben die gleiche Händigkeit. In der Nähe der Monoschicht wird 
in der Monolage ein Übergang von einem 2D-Razemat zu einem Konglomerat aus homochiralen Do-
mänen beobachtet. Die Razematphase ist dabei aus homochiralen Paaren mit entgegengesetzter Hän-
digkeit aufgebaut. Der Übergang von Razemat zu Konglomerat wird durch Nukleation der zweiten 
Schicht bewirkt, die in der Doppellage oder zumindest in der zweiten Lage homochiral ist. Der dadurch 
bewirkte lokale Mangel eines Enantiomers führt dazu, dass nun anstatt des Razemats, homochirale Nuk-
leation und Wachstum in der ersten Lage induziert wird. Eine bisher unbekannte drastische Transforma-
tion der Selbstorganisation aufgrund eines geringen lokalen Überschusses eines Enantiomers. Des Wei-




der Selbstorganisation von 1-Azahexahelicene (Aza[6]H) diskutiert und mit früheren Resultaten aus der 
Literatur, d.h. mit Heptahelicene ([7]H) und Amino[6]H auf Au(111) und Cu(100) verglichen. 
 
Die Ausrichtung von Molekülen auf Oberflächen induziert eine Asymmetrie, die stereochemische 
Effekte bei chemischen Reaktionen an chiralen Molekülen bewirken könnte. Es werden Ergebnisse für 
die C-C Kopplung von Helizenen mittels Ullmann-Kupplung präsentiert. Die Kupplung von Bromo[4]H 
auf Cu(100) liefert fast ausschliesslich homochirales Bis[4]H, das sich spontan in homochirale Spiegeldo-
mänen auftrennt. Die beobachtete Diastereoselektivität beruht allerdings eher auf der niedrigen Inver-
sionsbarriere der [4]H-Untereinheiten als auf einer Selektivität bei der C-C Kupplung, die bei relativ ho-
hen Temperaturen (ca. 200°C) durchgeführt wird. Die Studie von Bromo[7]H mit wesentlich höheren 
Inversionsbarrieren zeigt daher keine Diastereoselektivität. Auf Au(111) erzeugt die Kupplung von zwei 
Br[7]H sowohl heterochirales als auch homochirales Bis[7]H, das in zwei verschiedenen geordneten 
Strukturen angeordnet ist. Auf Cu(111) wird die Bildung einer metallorganischen Zwischenverbindung 
beobachtet, aber die Gegenwart von Brom beeinflusst die Selbstorganisation nach der kovalenten Kopp-
lung. Br desorbiert nur in Gegenwart von atomarem Wasserstoff, wofür mindestens eine partielle De-
hydrierung der Moleküle erforderlich ist. Diese Beobachtung wurde bisher im Bereich der kovalenten 
Oberflächenchemie vernachlässigt und hat erhebliche Auswirkungen auf die Reaktionsprodukte von ha-
logenierten Kohlenwasserstoffen. 
 
Neue Reaktionsprodukte können auch durch Fragmentierung oder Rekombination während der 
thermischen Zersetzung von Molekülen hergestellt werden. Die autokatalytische thermische Zersetzung 
auf einer Oberfläche wird oft bei dichtgepakten Monoschichten von Karbonsäuren beobachtet, wobei 
freiwerdende Vakanzen in der Monolage die Zersetzung stark beschleunigen. Durch Studien der ther-
mischen Zersetzung von nicht sauerstoffhaltigen PAHs auf der oxidierten Cu(100) Oberfläche haben wir 
weitere Faktoren, die eine autokatalytische "Oberflächenexplosion" bewirken, gefunden. Br[7]H unter-
liegt einer autokatalytischen Zersetzung während nicht bromiertes Heptahelizen kein autokatalytisches 
Verhalten zeigt. Folglich ist die "Verankerung" über die metallorganische Bindung aufgrund der Spaltung 
der Halogen-Kohlenstoff-Bindung während des Heizens eine notwendige Bedingung für die Oberflä-
chenexplosion. Messungen an verschiedenen PAH-Typen führen zu der Schlussfolgerung, dass zusätz-
lich ein sterischer Verdrängunseffekt von Wasserstoffen am aromatischen Gerüst notwendig ist, um den 
autokatalytischen Prozess einzuleiten. Ein besseres Verständnis der Mechanismen dieses autokatalyti-
schen Prozesses sollte für das Verständnis der heterogenen Katalyse von Vorteil sein. 
 
Im zweiten Teil dieser Arbeit werden Buckminsterfullerene („Buckybowls“) behandelt. Diese aro-
matischen Kohlenwasserstoffschalen haben spezielle optoelektronische Eigenschaften. Daher ist das 
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Verständnis der Selbstorganisation von solchen Molekülen für verschiedene Anwendungen in der orga-
nischen Elektronik interessant. (Organische Halbleiter, Photovoltaik, Leuchtdioden und Dünnschichttra-
nsistoren). Spontane Selbstanordnung wurde für verschiedene Corannulen-Derivate behandelt: Pentain-
denocorannulene (PiC), Monoindenocorannulene (MiC), das C70-Fragment C38H14 und 
Terphenylencorannulene (TpC). Deren Wechselwirkung mit der metallischen Oberfläche werden durch 
komplexes Zusammenspiel von zwischen van der Waals (vdW) und Pauli-Repulsion bestimmt. Als inter-
molukulare Wechselwirkungen sind hauptsächlich attraktive π˗π und CH-π Bindungungen am Werk. 
 
Einige „Buckybowls“, wie Pentaindenocorannulene (PiC), sind beispielsweise auch als Wasser-
stoffspeicher, als Fullerenrezeptoren, für medizinische Anwendungen (Toxininhibitoren, Arzneimittelein-
kapselung, Nano-Membranen-Herstellung) nützlich. Motiviert durch diese Anwendungen wird die ther-
misch induzierte Oberflächenchemie von PiC auf Cu(100) untersucht. Bei geringer Bedeckung (θ < 0.3 
ML), wenn intermolekulare Wechselwirkungen praktisch nicht vorkommen, adsorbiert PiC mit der Öff-
nung der Schale senkrecht zur Oberfläche. Bei einer größeren Bedeckung neigen Moleküle aufgrund 
intermolekularer CH-π und π˗π Wechselwirkungen zu gekippten Adsorbatkomplexen. Nach Heizen auf 









CNT carbon nanotube 
CVD chemical vapor deposition 
DFT  density functional theory 
DOS  density of states 
e.e. enantiomeric excess 
Fcc face centered cubic 
EHT  extended Hückel theory 
ESCA electron spectroscopy for chemical analysis 
GGA generalized gradient approximation 
HOMO  highest occupied molecular orbital 
HREELS high-resolution electron energy loss scattering 
IS intermediate state 
LDA local density approximation 
LEED  low energy electron diffraction 
LT  low temperature 
LUMO  lowest unoccupied molecular orbital 
ML  monolayer 
MM molecular mechanics 
PAH  polycyclic aromatic hydrocarbons 
PES  potential energy surface 
Rac racemic 
RT room temperature 
SEXAFS surface-extended X-ray absorption fine structure 
STM  scanning tunneling microscope/ microscopy 
TDS thermal desorption spectroscopy 
θ coverage, 1 corresponds to a saturated ML of adsorbates 
UHV  ultrahigh vacuum 
vdW  van der Waals 
VT  variable temperature 
XPD  X-ray photoelectron diffraction 
XPS X-ray photoelectron spectroscopy 
2D,3D  two and three dimensional respectively 
 

























Constant improvement of new materials and novel technologies is indispensable for the 
sustainable development of our modern society, e.g. in the field of information storage and processing 
technologies or energy and chemical conversion methods. Nanoscience, a booming research area 
focusing on the understanding, manipulation and fabrication of structures at the nanoscale, has a 
tremendous potential. In particular, many different phenomena are governed by the surface properties 
of materials such as friction and wetting. Thin-films growth, catalysis at surfaces and coatings are for 
example crucial for new technological applications. 
 
Surfaces are the topmost layers of a solid (thickness ≤ 1 nm) and their behavior differs from that 
of the bulk in many ways. To minimize the surface energy, i.e. the necessary energy to create surfaces, 
and because of the asymmetric environment of surface atoms, several effects which are not found in the 
bulk are observed1,2. For instance, atoms at surfaces can form bonds with the species in the adjacent 
phase (liquid, gaseous or solid) and new electronic states, i.e. surface states, can be created due to the 
transition from bulk material to vacuum. In addition, atoms near the surface plane can undergo 
relaxation or even reconstruction due to bonding imbalances2. Moreover, real surfaces have atomic 
steps, atoms vacancies or adatoms, which may become favored adsorption sites for atoms1. Such defects 
can break or make bonds between atoms and are catalytically active. About forty years ago, these 
peculiar properties led pioneers such as Gabor Somorjai and Gerhard Ertl to study surface-assisted 
chemistry on well-defined model systems. The advantages of investigating on-surface chemical 
reactions are numerous. At first, the absence of solvent, the steric constraints induced by the 2D 
dimensionality as well as the possible catalytic activity of the surface can lead to novel reaction products. 
In an ultrahigh vacuum (UHV) environment, the confinement in 2D also allows the precise control of 
reaction parameters3. By using advanced methods, such as scanning tunneling microscopy, allowing 
investigation at sub-molecular spatial resolution, or X-ray photoelectron spectroscopy, offering a 
surface-sensitive spectroscopic analysis of the elemental composition and chemical state of the elements 
at the surface3. The reaction products which desorb from the surface can be identified by thermal 
desorption spectroscopy. To improve our fundamental understanding of chemical reactions, all these 
techniques are used in this work on single crystal metal surfaces with well-defined surface geometries. 
 
This thesis will focus on a specific family of organic molecules, namely, polycyclic aromatic 
hydrocarbons (PAH). These molecules are made of hydrogen and carbon atoms and have at least two 





interactions including van der Waals (vdW) interactions4, CH-π interactions, π-π stacking5, substrate-
mediated interactions (e.g. via electronic surface states) and sometimes metal-coordinated bonds (with 
metallic adatoms of the surface for example)4. On one hand, this project deals with chemical reactions 
between PAH, triggered by thermal energy. On the other hand, it discusses their self-assembly, i.e. their 
spontaneous assembly into ordered patterns due to weak intermolecular forces when adsorbed on a 
surface4. Self-assembly is challenging because the molecular recognition processes often involve 
cooperative effects6. In addition, it is not only controlled by intermolecular interactions but by a complex 
balance between them and the molecule-substrate interactions. Consequently, the physical and 
chemical properties of adsorbates and substrate play an important role. Thermodynamic conditions also 
have a strong impact on the spontaneous organization of molecules on metal surfaces7,8. A better 
understanding of self-assembly will help to get fundamental insights into the physics and chemistry of 
adsorption, crystallization and heterogeneous catalysis. Furthermore, self-assembly is used as a 'bottom-
up' manufacturing approach in nanotechnology and has therefore a significant importance for the 
interface design of new devices. Non-planar PAH are particularly interesting because they offer a much 
more complex chemistry than their planar counterparts. Two families are treated in this work: chiral and 
curved PAH.  
 
Intrinsically chiral PAH, such as helicenes, which will be presented in chapter III, offer the 
possibility to study molecular recognition and reactions between chiral molecules. Non-covalent 
interactions between chiral molecules are of paramount importance for the understanding of biological 
systems9 (e.g. assembly of lipids forming membranes), drugs development (more than half of the world-
wide produced drugs currently are chiral) and for fragrance industries. Since life itself is chiral, different 
enantiomers generally have different physiological effects on the human body. Information on their self-
assembly is extremely valuable since crystallization is still the most important means for separation of 
chiral compounds. Chiral PAHs at surfaces serve as model systems which are tremendously less complex 
than biologically relevant systems. The self-assembly of pentahelicene will be presented in the paragraph 
III.2. The effect of functional groups, will be investigated on 1-aza[6]H in the paragraph III.3. It is 
interesting for the bottom-up functionalization of surfaces and for the tunability of 2D nanostructures 
and molecular functionality for applications. Novel molecules can also be created by on-surface 
chemistry, but because of the confinement in two dimensions, the exclusion of certain symmetry 
elements can have an impact on the reaction products of chiral molecules. This will be investigated with 
bromohelicenes using a reaction leading to covalent C-C coupling, called Ullmann coupling10,11 
(paragraph III.4). Thermal annealing induces decomposition of molecules into new molecular fragments 
by the formation and breakage of covalent bonds. Decomposition may proceed autocatalytically on 
surfaces, as often observed for oxygen-containing molecules such as carboxylic acids12. Here we present 




the first case of an autocatalytic decomposition of oxygen-free molecules on an oxygen-reconstructed 
Cu(100) surface (paragraph III.5). Bromohelicenes will be compared to other planar PAH to explain the 
mechanisms leading either to standard decomposition or to autocatalytic ‘surface explosion’. 
 
Finally, buckybowls, which are curved PAH fullerene fragments, will be discussed in chapter IV. 
The self-assembly of buckybowls allows to study π-π and CH-π interactions between concave and 
convex sides of the bowls or the rim hydrogens and convex sides. Due to their interesting thermal and 
electrical conductivity, understanding the self-assembly of buckybowls would also be beneficial for 
various applications, especially in organic electronics: organic semiconductors13, photovoltaics14,15, light-
emitting diodes16,17 and thin film transistors18. For these applications, metallic substrate-molecules 
interactions which impact the work function, must be carefully tuned to allow a good injection of charge 
carriers at the devices’ electrodes19–22. Penta-, monoindenocorannulene, (paragraphs IV.2.1and IV.3.1), 
the corannulene derivative C38H14 (paragraph IV.3.2) and terphenylcorannulene (paragraph IV.3.3) will 
be presented. Some buckybowls such as pentaindenocorannulene (PiC) have significant potential for 
applications in hydrogen storage23 or as fullerene receptors24. They can be useful for medical 
applications (toxin inhibitors25, drugs-encapsulation26,27, nano-membranes fabrications28) or as a 
precursor for controlled carbon-nanotubes (CNT) growth29,30. Thermally-induced bond 
breaking/formation of PiC in order to evaluate the suitability as new precursor for graphene nanoribbon 
or carbon nanotubes formation is studied in the paragraph IV.2. 
 
In order to understand the complex phenomena occurring between organic molecules and a 
metal surface, theoretical and computational treatments are required and will be used in this thesis to 
support the experimental results. Because the physical and chemical laws involved are far too complex, 
approximations are required. The limitations of the theoretical approaches will be discussed. 




II. Experimental aspects 
In this chapter, the experimental set-up (section II.1), the materials used (section II.2) and the 
data processing routine (section II.3) are described. Finally, a brief introduction to the theoretical 
methods which will be used in this work can be found in section II.4. All the experiments presented in 
this thesis were performed in the Molecular Surface Science Group (Nanoscale Material Science 
Laboratory) and its facilities at Empa in Dübendorf. 
 
II.1. Experimental set-up 
1.1 Ultrahigh vacuum chamber 
For studying molecules on surfaces, a clean environment is required in order to offer good 
measurement conditions. The number of gas particles in the chamber with P = 5×10-8 Pai at room 
temperature is, according to gas kinetics, still 1.24×107 molecules/cm3 ii. For determination of how long 
a surface can stay clean under these conditions, the flux F of molecules colliding the surface per second 
must be calculated. According to kinetic theory of gas, F can be calculated as follows: 
  =	 √2	
 (1) 
where k is the Boltzmann constant (1.38×10-23 J K-1), m is the molecular mass, P is the pressure and T the 
temperature. Assuming the remaining gas in the chamber is only hydrogen, a cm2 of surface is hit by 
more than 5.30×1015 particles per second when the partial pressure is P = 5×10-8 Pa at room 
temperature. It does not mean that all incoming particles will stick on the surface. This is defined by the 
sticking coefficient. Assuming a sticking coefficient of 10%1,2 on a copper surface which has 2×1015 atoms 
cm-2, it takes about 37700 seconds to form a molecular layer (less than a day). Hence, ultrahigh vacuum 
(UHV) conditions are required in order to have sufficient time for investigation. 
 
Most of the results presented in this work were obtained in the single chamber shown in (Figure 
1). It is equipped with a variable temperature-STM (Omicron Nanotechnology) mounted on a vibration 
isolation system suspended by a spring. To achieve the required UHV (P ≤ 5×10-8 Pa) conditions, an ion 
getter pump and a Ti-sublimation pump were attached on the chamber. Samples and tips were inserted 
                                                     
i 1 mbar = 100 Pa, 1 atm = 1.01 hPa, 1 Torr = 133 Pa 
ii Under ambient conditions, there are about 2.7×1019 particles/cm3. 




on their holders using a load lock, pumped with turbo-molecular pump, supported by a rotary vane 
pump. The samples were manipulated using a wobble stick in the main chamber. 
 
 
Figure 1: Sketch of the VT-STM chamberiii 
 
Standard preparation tools were available: a sputter gun, a gas inlet for Argon and a molecular 
evaporator with two cells. Using these tools, the metallic single crystals were cleaned by cycles of Ar+ 
sputtering and annealing at 673 K. Then, the molecules were deposited by means of sublimation on the 
clean metallic surface kept at room temperature. During the preparation, the sample was placed on a 
rotatable manipulator having contact brushes allowing a direct annealing of the sample (via the sample 
holder's internal heater). The sample was positioned upside down in the STM holder and scanned from 
below (see inset in Figure 1). The tip used is made from tungsten because of its great mechanical 
strength, its low cost and its simplicity of fabrication using electrochemical etching31. The sample could 
be cooled down to about 50 K by using a liquid He continuous flow cryostat or heated using either a 
direct heating system or an indirect resistive heater. The microscope stage remained at constant 
temperature during the measurements. The vibration isolation of the whole system was achieved by 
active dampers. 
 
                                                     
iii The drawing of the STM holder in the inset is inspired from the VT-STM User's Guide, Omicron (version 6.1, 
2013). 




A few experiments were conducted in a second system equipped with the same tools. The STM 
was a Specs Aarhus 150 which had a mechanically cut and in-situ sputtered Pt/Ir (with 90% Pt) tip. X-ray 
photoelectron spectroscopy (XPS) and temperature desorption spectroscopy (TDS) were also available. 
XPS measurements (Specs PHOIBOS 100 electron analyzer) were conducted in normal-emission using 
non-monochromatic Al Kα X-rays. The binding energy scale was calibrated with the Cu2p3/2 peak (932.7 
eV) (resp. the Au 4f7/2 (84.0 eV) peak) and the Fermi level (0.0 eV) of the Cu (resp. Au) crystal. The 
intensities were normalized with respect to the Cu2p3/2 (resp. Au 4f7/2) signal. TD spectra were obtained 
using a quadrupole mass spectrometer (Balzers QME 200). A special housing with a pinhole (so-called 
Feulner cup) was installed to avoid collecting material from the sample holder. 
 
1.2 Scanning tunneling microscopy  
One of the most powerful tools to investigate molecular self-assembly at surfaces is scanning 
tunneling microscopy. It is the principal method used in this work and will thus be discussed in detail. G. 
Binnig and H. Rohrer invented the first STM32 and got the Nobel Prize in 1986 for its conception. An STM 
(Figure 2a) can be used under UHV condition but also in air, at a liquid-solid interface33, etc. It is used to 
study atoms and molecules at surfaces and can be operated at different temperatures2. This device can 
achieve a resolution of a few pico-meters vertically and atomic resolution laterally. 
 
Figure 2: (a) STM set-upiv (b) Representation of a 1D wave function in the STM tunneling junction, with a negative 
voltage applied to the sample with respect to the tip (inspired by ref. 2) 
 
                                                     
iv STM drawing from Michael Schmid, TU Wien. 




An STM is composed of a sharp metallic tip which is brought very close to the surface of the 
conductive sample to analyze. A voltage (up to a few volts) is applied between the tip and the sample 
allowing a tunneling current to flow. This tunnel current (typical values in the range of few pA to a few 
nA) depends strongly on the tip sample distance (typical values: 5-10Å). Quantum mechanics tells us 
indeed that there is a finite probability for electrons to tunnel through the vacuum barrier34 between the 
tip and the sample due to the overlap between their wave functions. Nevertheless, when both the tip 
and sample are held at the same electrical potential, there are no available unoccupied states for the 
electrons to travel to. By applying a bias voltage Vb between the tip and the sample, their Fermi energy 
levels shift (Figure 2b), unoccupied states can be reached and a current can flow2,35. 
 
To obtain an image with the STM used in this work, the surface is scanned line by line by the tip 
(area between 1 nm2 and 1µm2) using a piezoelectric tube on the tip holder (Figure 2a). In the constant 
current feedback mode applied here, the height of the tip is adjusted via a feedback loop allowing to 
maintain a constant current. The tip has a considerable influence on the observed images. If the tip apex 
is made of several atoms (instead of only a single atom ideally), the tunneling current spread across 
these atoms and the obtained images can be distorted. Hence, tips must be as sharp and clean as pos-
sible. It can be done in situ in the STM chamber either by annealing, by using a voltage pulse to cause 
field-induced evaporation of tip atoms or by a contact between the tip and the sample. It is in theory 




The theory behind the operation principle of the STM can be simply understood by using a 
simplified one dimensional model2 (Figure 2b). The gap between the tip and sample is represented as a 
1D potential barrier of height U and width d. In this potential, the wave function of one electron of mass 
m and energy E is given by the Schrödinger equation (2). Its classically allowed and forbidden solutions  are given by the equations (3).  
 − ћ2   	+ 	 	= 	 (2) 
  >  ∶ 	 = 	0± !ℎ		 = 1ћ $2 −  <  ∶ 	 = 	0&' !ℎ	( = 1ћ $2 −   (3) 
where ћ	=	ℎ/2π and ℎ is the Planck constant and m is the electron mass. 




The tunneling current )* , (equation (4)) depends exponentially on the distance d between the tip and the 
sample. It allows the distance to be precisely controlled33. This exponential dependence comes from the 
exponential decays of the wave functions in the gap.  
 )* 	 ∝ - |/0|0123401&567 &
ћ$89:  (4) 
where / are the sample states with energy ;/, < is the Fermi energy and Vb is the bias voltage be-
tween the tip and the sample. 
 
The STM can be used in two different modes. The most common mode, used in this thesis, is 
the constant current mode. The voltage used to adjust the piezo-drives to keep a constant current is 
measured. This mode is mainly used for surfaces composed of the same atoms. The obtained image is 
often identified as the surface topography. This is not always true because the tunneling current is in 
fact proportional to the local density of states (DOS) ρ, i.e. the number of electrons per unit energy ; 
and per unit volume z. It therefore gives information about the electronic structure of the sample. This 
dependency is visible in the expression of the current (5), which is a function of the DOS (equation (6)) 
at the Fermi level. 
)* 	 ∝ 	=>?0, <&ћ$89:  (5) 
 ?,  = 	1; - |/|
0
2340&2  (6) 
Hence the variation in the surface electronic structure has to be taken into account for image interpre-
tation2,33. A topographic interpretation of a STM scan assumes a constant DOS of the sample above 
equivalent surface states35. Note that the STM is only sensitive to the electron states close to the Fermi 
level37. 
 
The second principle scanning mode of the STM is the constant height mode in which the vari-
ation in the tunneling current is measured. It is used on flat surface to reveal the surface composition 
(due to the different work functions of different surface atoms) or the defects. It will not be discussed 
further because it will not be used in this work. More information about the constant height mode can 
be found in ref.38,39, together with a real 3D description of the tunneling effect which is much more 
complicated that the simplified 1D model presented here. 
 




1.2.2 Study of organic molecules on surfaces with STM 
Probing an organic/metal surface system implies understanding its electronic structure. As al-
ready mentioned, when imaging molecules on metal surfaces, one should keep in mind that the images 
correspond to the electronic states contributing to the tunneling and not simply to the position of the 
atoms within the molecules35 (equation (5)). Depending on the polarity of the applied voltage, it might 
be that molecules or atoms on metal surfaces appear differently in STMv. For instance, on Ag(100), oxy-
gen atoms appear as protrusions under negative bias and as depressions under positive bias35. Depend-
ing on the polarity of the applied bias, pentacene also shows different contrasts on NaCl/Cu(111)40 vi. To 
understand this behavior, it is important to look at the orbital structure. This thesis is about organic/metal 
surface systems so we will focus on this case. A metal is a continuum of energy levels occupied up to 
the Fermi level. On the contrary, a π-conjugated molecule has discrete energy levels. The core levels (at 
higher binding energies) are spatially confined on the atoms4 but at lower binding energies, the molec-
ular levels are spatially homogeneously distributed over the molecule (the molecular band gap being 
defined by the HOMO-LUMO difference). 
 
Figure 3: Energy diagram of an organic molecule and a metal surface after adsorption. The molecular frontier 
orbitals (HOMO and LUMO), the corresponding band gap EG of the molecule and the Fermi level of the surface EFs 
are indicated. ∆ is the difference between the vacuum level (VL) of the molecule and the substrate due to the 
presence of an interface dipole. ϕs is the surface work function. 
 
When the molecule adsorbs on the surface, the position of the molecular energy levels can be 
approximately estimated because the vacuum level of the isolated molecule will align to that of the 
substrate (Figure 3)4 vii. Applying a negative (respectively positive) bias on the sample (molecule + metal 
                                                     
v It can also be influenced by the last atom at the tip apex, e.g. CO- or O-terminated tip. 
vi Using a thin insulator layer is useful for studying orbitals and electronic structures because it decouples the mol-
ecules from the metal surface and reduces hybridization and broadening of the molecular orbitals40. 
vii This is called the Schottky-Mott rule. It is an approximate position because this rule is exact only for few systems 
(e.g. a spin-coated polymer on metal surface). In the case of adsorption of molecules on atomically flat metal sur-
faces, the molecular orbitals are often shifted, and broadening is often observed due to the hybridization of the 
respective electronic states when molecules and metal are brought in contact. In this case, no alignment of the 
vacuum levels occurs (∆ in Figure 3) due to charge transfer (to/from polaronic states or gap states created by the 




surface) with respect to the tip implies that the Fermi level of the sample raises (respectively decreases) 
compared with the Fermi level of the tip (Figure 4). Hence, the occupied (respectively unoccupied) states 
of the sample close to the Fermi level (HOMO, resp. LUMO) contribute the most. The contribution of 
different states in the different cases can create a difference in contrast for certain molecules. 
 
Figure 4: Energy diagram of an STM junction with a sample made of organic molecules on a metal template when 
the sample is biased by a (a) negative or (b) positive voltage V with respect to the tip. The molecular frontier orbitals 
(HOMO and LUMO) of the molecule and the Fermi levels of both tip EFt and surface EFs are indicated. ∆ is the 
difference between the vacuum level (VL) of the molecule and the substrate due to the presence of an interface 
dipole. ϕs and ϕt are the surface work functions of the surface and the tip respectively. 
 
In this work, the impact of HOMO and LUMO contributions for the studied molecules will be 
presented in the contour maps of the charge density of the frontiers orbitals. 
 
1.3 X-ray photoelectron spectroscopy  
X-ray photoelectron spectroscopy (XPS), also known as ESCA (electron spectroscopy for chemi-
cal analysis) is a surface sensitive technique used to identify the chemical composition of a sample qual-
itatively and quantitatively (except H and He). In XPS, the material to analyze is irradiated with X-rays 
and the kinetic energy of the emitted photoelectrons is measured. When an atom is irradiated with 
ionizing electromagnetic radiation, three phenomena can occur. Firstly, the photon can go through the 
material without interaction. Secondly, it can be inelastically scattered by an electron from the atomic 
orbitals. Finally, it can interact and transmit all its energy to an electron which is then excited to an 
unoccupied level or emitted out of the atom41. This last phenomenon is called photoelectric effect42. For 
it to occur, the incoming photon must have enough energy to eject the electron from the core levels to 
                                                     
shift in the molecular orbital frontiers), which generates a dipole layer across the interface. This subject goes far 
beyond the scope of this work and does not fundamentally change the explanation of the different contrasts ob-
served when changing the polarity of the bias. The interested reader can find additional information in ref.4. 




the vacuum (Figure 5a, d). The kinetic energy of the emitted electron (Ek) is therefore given by the fol-
lowing formula41,43,44: 
  = ℎ@ − > −  (7) 
where ℎ@ is the energy of the incoming photon (@ is its frequency and ℎ is the Planck constant), > is the 
binding energy of the electron atomic orbital with respect to the Fermi level and  is the work function, 
i.e. the energy between the Fermi level and the vacuum level (Figure 5d).  
 
The energy of the photon is known: Al Kα (ℎ@ = 1486.7 eV) and Mg Kα (ℎ@ = 1253.7 eV) are typical 
anode materials43. By measuring the kinetic energy and the work function, the binding energy can there-
fore be determined. This quantity, > , depends on the type of element and on the chemical environ-
ment41,44. Thus, it gives chemical information about the elements at the sample surface but also about 
the covalent or ionic bonds between atoms in a molecule. 
 
 
Figure 5: (a) Scheme of the photoelectric effect in an atom: a photon impact knocks out an electron from the core 
levels which then leaves the atom. (b, c) An electron from a higher energy level can fill the core hole. The excess of 
energy is released either through the emission of a photon (b) or by ejecting an electron from the same or an outer 
shell of the atom, the so-called Auger electron (c). (d) Energy diagram depicting the photoelectric effect: an incom-
ing photon can eject an electron from a core level into the vacuum if its energy ℎ@ is larger than >+. 
 
An XP spectrum displays the number of electrons emitted as a function of the binding energy. 
Note that in addition to the photoelectron emitted via the photoelectric effect, Auger electrons are also 
detected. The emission of a photoelectron creates an empty core level which can be filled by an electron 




from a higher energy level. Energy is transferred during this process, leading to the emission of an X-ray 
photon or the ejection of an Auger electron41,43 (Figure 5b, c). 
  
In addition to the photoelectrons and Auger electrons, a few undesired contributions to the 
signal are often measured. For instance, because the mean free path of electrons in matter is few tens 
of Ångströms, some of them will undergo inelastic collisions and will contribute to the background sig-
nal. Another often encountered example, is the presence of satellite peaks observed at lower binding 
energies, which are characteristic from the X-ray source used (Al or Mg) which are not entirely mono-
chromatic43,44. Additional details about this technique can be found in refs. 41,43,44. 
 
1.4 Thermal desorption spectroscopy 
Thermal desorption spectroscopy (TDS), also called temperature programmed desorption, is a 
technique which gives information on the kinetics and thermodynamics of desorption. The sample is 
heated gradually up to a certain temperature with a defined heating rate. With enough thermal energy, 
atoms or molecules adsorbed on the surface start to desorb and can be detected by a quadrupole mass 
spectrometer. The signal measured by the spectrometer is proportional to the partial pressure of the 
desorbed molecular fragments or gas components. The temperature T and coverage θ dependence of 
the desorption rate is described by the so-called Polanyi-Wigner45,46 equation (8), a type of Arrhenius 
equation. 
 rt = − C! = @/	C/&0/EF (8) 
where @G is the rate constant, E is the desorption energy, n is the order of the desorption reaction (typi-
cally 0, 1 or 2) and R is the gas constant. More information about the desorption process and TDS can 
be found in refs. 45,46.  
 
II.2. Materials 
Most of the organic molecules were synthetized by colleagues from various chemistry groups 
(Table 1). The molecules were all sublimated from a Knudsen cell on a sample which was kept at room 
temperature. Most of the molecules were mobile at room temperature on surfaces of Cu or Au. To 
observe a self-assembly, a dense packing of the molecules was often required. To quantify the number 
of molecules on the surface, the coverage is expressed as a percentage of the so-called monolayer 
coverage (ML). We defined the ML coverage as the most densely packed single layer of molecules. 




Metal single-crystals (MaTeck GmbH, purity 99.999%) were used as substrates because their 
surface geometry is well known. In addition, they are flat (roughness smaller than 0.03 µm and orienta-
tion precision better than 0.1°).  
 
Argon and oxygen gases (Messer, purity 99.999%) were used for Ar ion sputtering and to obtain 
O/Cu(100) layers, respectively. 
 
Molecule Synthesized by 
Sublimation 
temperature [K] 
Rac-pentahelicene ([5]H) group of Prof. Andreas Terfort, University of Frankfurt  363 
Pentaindenocorannulene (PiC) Samuel Lampart (Prof. Jay S. Siegel's group, 
University of Zürich) 
593 
Monoindenocorannulene (MiC) Prof. Jay S. Siegel's group, University of Zürich, 
according to ref. 47. 
423 
(M)-1-azahexahelicene (aza[6]H) group of Dr. Matthew Fuchter, Imperial College 
London, with their own method described in ref. 48. 
408 
C38H14 
group of Yao-Ting Wu, National Chang Kung 
University, using a reaction path described in ref. 49. 
583 
Rac-2-bromotetrahelicene (Br[4]H) Kévin Martin (Prof. Narcis Avarvari group), University 




Prof. Narcis Avarvari group, University of Angers 
373 
Terphenylcorannulene (TpC) group of Yao-Ting Wu, National Chang Kung 
University, 
493 
Rac-9-bromoheptahelicene (Br[7]H) Dr. M. Wienke, University of Hamburg 443 











Table 1: Synthesis and sublimation details about the molecules used in this work. 
 




II.3. Data processing 
The obtained STM images were processed using WSxM 5.0. They were flattened and (if 
necessary) low-pass filtered (using Fourier transform filters) to remove the noise due to vibrations or 
due to a change in the He flux used for cooling the sample. For having a good contrast to see clearly 
the structures on all terraces, large scale STM images were sometimes flattened with a parabola filter 
which suppresses the height differences between the steps. As an example, the flattened Figure 29 and 
the original non-flattened Figure A. 7 in the appendix can be compared. For XPS, the spectra obtained 
on the clean samples were subtracted from the measurements containing molecules. The spectra were 
fitted using Origin 2017. For TDS, a special housing (so-called Feulner cap) with a pinhole was installed 
to avoid collecting material from the sample holder. Nevertheless, a monotonously rising background 
was sometimes observed in particular for CO. For each mass spectrum, the background intensity which 
was obtained before starting the temperature ramp, was subtracted from the TD spectra. 2D drawings 
of molecular structures were realized using the ChemBioDraw Ultra 13.0 software. 
 
II.4. Theoretical methods 
In order to better understand the complex interactions between organic molecules and metal 
surfaces, an experiment can be supported by computational models. Different methods were used in 
this work to predict certain properties of molecular systems (adsorption configuration, binding energy 
between several molecules, etc.). Dr. Laura Zoppi performed all the Density Functional Theory (DFT) 
calculations presented here, which were computationally quite expensive. The program package Hyper-
Chem allows molecular mechanics (MM) modelling and the use of Extended Hückel Theory (EHT) for 
orbital calculations and corresponding STM simulation. As shown in this work, such modelling can be 
sufficient to explain the experimental data. 
 
It is not the goal of this work to go too deep into the theoretical details, but a simple overview 
is necessary to understand what was done in this work. The chemical and physical laws involved in the 
description of molecular systems are often too complex and each theory has indeed its own hypothesis, 
simplifications and limitations. In quantum methods (DFT, EHT), several choices can be made to find an 
approximate solution to the Schrödinger equation for a many-electron system, still impossible to solve 
exactly. Likewise, MM, a method based on classical mechanic to find minimum energy configurations for 
molecules, has its limitations. It uses a sum of simple analytical empirical functionals, included in a so-
called force-field, to calculate the potential energy of the system. Each force-field is specific to certain 




molecules and will work only under certain conditions. MM does not allow studying chemical reactions 
for example. Moreover, modelling metals is always something complicated (electrostatic and polariza-
tion effects) and calls for an appropriate force field to describe the interactions between organic mole-
cules and metal surfaces. 
 
4.1 Density Functional Theory 
DFT is the most successful method in modern chemistry to compute the electronic structure and 
predict the properties of molecules. The goal of DFT is to investigate the electronic structure of a many-
body system (atoms, molecules, solids, surfaces) of interest, which is characterized (for N nuclei and M 
electrons) by the following Hamiltonian: 
 HIJKLM, 	NLLMO = 
P//KLM + 
P5/	NLLM + I55	NLLM, 	NLLM + =P/5KLM, 	NLLM + =P//KLM, KLM (9) 
where KLM and 	NLLM are vectors describing respectively the nuclei (with 3N Cartesian x, y, z components) and 
electrons (with 3M Cartesian x, y, z components) positions, 
P// and 
P5/ are respectively the kinetic 
energies of nuclei and electrons. I55	NLLM, 	NLLM is the potential energy of interactions between electrons, =P//KLM, KLM is the potential energy of interactions between nuclei and =P/5KLM, 	NLLM is the potential energy of 
interactions of the nuclei with the electrons. To obtain the electronic structure, the corresponding Schrö-
dinger equation must be solved: 
 HIJNQLLLM, … , NSLLLLM; 	KQLLLLM, … , KSLLLLLMOU = UNQLLLM, … , NSLLLLM;	KQLLLLM, … , KSLLLLLM (10) 
This Hamiltonian can be simplified by using the Born-Oppenheimer approximation51. Because nuclei are 
much heavier and slower than electrons, they are assumed to be motionless and to have a constant 
potential energy. Therefore, we can consider the electrons as moving in the field of fixed nuclei and 
simplify the Schrödinger equation:  
 HIѰ = J
P + I + =POѰ = Ѱ (11) 
where 
P is the kinetic energy operator for the electrons, =P  is the external potential felt by the electrons 
and I is the electron-electron interaction potential. The solution of this Schrödinger equation, the elec-
tronic wave function (function of the 3M coordinates of the M electrons), can then be used to compute 
the electron density GNM. In quantum mechanics, the electronic density is a measure of the probability 
for an electron to occupy an infinitesimal element of space surrounding any given point. It is defined as 
the integral over the spin coordinates of all electrons and over all but one of the spatial variables52–57: 
 GNM = W - X|ѰNM, NLLLM, … , NSLLLLM|YZ/ NLLLM, … , NSLLLLM (12) 




It is a scalar quantity depending only on three spatial variables. It would therefore be convenient to use 
it to describe the ground states properties of a many electrons system instead of using the M-electrons 
wave function which has much more coordinates52–57. This is what DFT does.  
 
The foundations of DFT come from two theorems of Hohenberg and Kohn. The first theorem58 
states that the ground state electron density n0 uniquely determines the ground state electron wave-
function Ѱ[, i.e. Ѱ[=Ѱ[G[], and the external potential (within a constant). As the external potential de-
fines HI, it means that all observables are also functionals of the ground state electron density. The idea 
is therefore to be able to compute this density. Then, all the properties of the system can be determined. 
The second theorem of Hohenberg and Kohn (also called variational principle2) says that the energy is a 
unique functional of the electron density and its minimization with respect to GNM leads to the ground 
state energy of the system58. The problem is therefore reduced to the minimization of the energy func-
tional E[n]= T[n] +U[n] +V[n]52–57, where (according to the notations of equation (11) ) T is the kinetic 
energy functional and U is the electrons-electrons interactions potential. The external potential V de-
pends on the system under study and can be re-written as V[n] = ^ =NMGNM_N. Nevertheless, it is not 
possible to solve the many-interacting electrons system analytically and in particular it is impossible to 
find the analytic expression of the kinetic energy52–57. The Kohn-Sham ansatz suggests a solution by 
replacing this system by a system of independent electrons in an external potential59. It means that the 
energy functional is replaced by the following expression:  
 Y[G] = 
Y[G] + =Y[G] (13) 
where 
Y[G] is the kinetic energy of electrons without interactions and =Y[G] is the external effective 
potential in which the electrons are moving, and which is defined such as GYNM = GNM. 
 
Consequently, the Schrödinger equation (10) can be simplified as a system of mono-electronic 
equations (called Kohn-Sham equations) 52–57: 
 [
Y + =YNM]NM = єNM (14) 
where  are the orbitals which account for the original density nNLLLM) of the problem such as GYNM =∑ |NM|S4Q = GNM. On a developed form the equation (14) can be rewritten, as a function of the orbital 
energy є , as follow: 
 b− 12 ∇ + =NM + X GNM|NM − NM′| _N′ + =5efGNMg NM = єNM (15) 
where the first term corresponds to Ts and Vs is made of the three following terms: the external potential 
of the nuclei V, the electrostatic potential between electrons (the third term of equation (15)) and the 




exchange correlation potential Vexc accounting for the many-particle interactions. As the different po-
tentials depend on GNM, which depends on  , this problem must be solved iteratively. Theoreticians 
usually start with a guess for the density and compute the different potentials allowing them to find the 
orbitals  which are then used to compute a new density. This process continues until convergence52–
57. 
 
The most difficult task in this simplified problem, is to determine the exchange correlation po-
tential60. Vexc includes the many-particle interactions and therefore depends on the density at each NM. It 
must be approximated. Different approximations exist61 such as the local density approximation (LDA), 
which is the simplest approximation but underestimates the bond length and band gap. Another exam-
ple of a more complicated approximation is the generalized gradient approximation (GGA) which slightly 
overestimates the bond length but gives better results for different important parameters such as the 
band-gap. Depending on the level of accuracy that one wants to reach, it might be computationally 
demanding. 
 
DFT is nowadays the most commonly used computational method in chemistry to compute the 
electronic structure and to predict various properties of molecules. However, one should keep in mind 
that it still faces many challenges. In particular, it needs to improve the description of weakly bonded 
systems (e.g. hydrogen bonding or VdW forces) and reaction barriers60 which can be problematic with 
the systems under study in this work. For the molecules presented in this work, Dr. L. Zoppi, from the 
university of Zürich, used a optB86-VdW functional62,63, which accounts for dispersion effects, and ultra-
soft pseudo-potentials. She used a periodic four-atom-layer slab where the bottom two layers were fixed 
and all other atoms could relax unconstrained until the forces on each atom are less than 0.013 eV/Å. 
 
4.2 Extended Hückel Theory 
Depending on the properties of interest, DFT might not be required. Simpler and low-cost meth-
ods such as EHT may be sufficient. EHT is a semi-empirical method, faster than DFT and gives good 
qualitative results concerning the computation of molecular orbitals (number of levels, degeneracy) and 
the charge distribution of conjugated hydrocarbons. Because of the high level of approximation, it can-
not be used for geometry optimization54 or spectral predictions64. Therefore, geometry optimization is 
performed with molecular mechanics (see next section). 
 
EHT attempts to solve the Schrödinger associated to the molecular Hamiltonian (equation (11)). 
The resulting many-electrons wave function can be rewritten as an anti-symmetrized product (Slater 




determinant) of single-electron wave functions or molecular orbitals. In addition, each molecular orbital 
can be approximated as a linear combination of n atomic orbitals h64: 
 Ѱ = - ihhh 							j = 1, … , G (16) 
Then, according to the variational principle, this simplified problem can be solved by minimizing the 
energy64. It gives rise to a set of n Hückel equations65: 
 - ih[Hh − kh] = 0 (17) 
where Hh =< lHIlh > such as Hh = Hh  (hermitian operator) and kh =< ǀh > such as kh =
n1								 = jkh 					 ≠ j  Moreover, kh are the overlap integrals and characterize the probability of presence of an 
electron i and an electron j in the same area. If the atomic orbital basis set h is known, H and kh can 
be computed in the same basis set. Equation (17) has non-zero solutions when the associated determi-
nant |Hh − kh | is equal to zero. The value of H is related to the energy needed to ionize an electron 
from the ith orbital. It is determined by the atom nature and the orbital type considered (that is why EHT 
is a semi-empirical method)65. Hh when  ≠ j is approximated by Hh = 	kh(H + Hhh)/2 where k is de-
fined experimentally. The Hamiltonian matrix and the different parameters as well as the eigenvalues 
(energies) can be computed and the eigenvectors are then calculated54. Note that a general many-elec-
tron wave function cannot be expressed exactly as a single determinant. As a result, EHT do not fully 
incorporate electronic correlation (repulsive part) and the resulting energies tend to be too high. Con-
sequently, EHT should not be used for geometry optimization54 or spectral predictions64 viii.  
 
In this thesis, EHT is performed in HyperChem 8.0 directly on a force-field optimized structure 
and the output file contains the previously mentioned parameters, eigenvalues and eigenvectors. The 
related charge density contours of the frontier orbitals, which can be compared with the STM contrasts, 
were displayed using Igor code from Dr. Oliver Gröning from EMPA, Dübendorf. Note that the surface 
was included in the MM optimization which serves as basis for the electronic structure calculation but it 
is not included in the EHT calculations. 
                                                     
viii In general, all Hartree-Fock methods have this problem. A solution, offered by post-Hartree-Fock methods is to 
find a basis of single electron wave functions and express the many-electron wave function as a linear combina-
tion of all their possible determinants. Nevertheless, such techniques tend to be computationally demanding and 
cannot be used for large systems. 




4.3 Molecular Mechanics 
Three-dimensional models are calculated in order to present the most energetically favorable 
configuration of molecules under certain conditions. To reach this goal, the potential energy surface 
(PES) which is the potential energy (including nuclear repulsion) as a function of a given conformation 
of the molecule must be minimized. The PES is found by solving, for many nuclear configurations (dif-
ferent inter-nuclear distances and angles), the Schrödinger equation54,66. Nevertheless, it is a difficult 
problem for many computational techniques. In addition, for large many body systems, sophisticated 
molecular modelling methods are computationally too demanding to be routinely used. When only 
equilibrium geometry and transition states or relative energies between different molecules or conform-
ers are of interest, molecular mechanics is a perfect alternative for qualitative descriptions. 
 
The simplicity of MM lies in the fact that, to estimate the potential energy surface and the phys-
ical properties of molecules, molecular mechanics methods do not solve the Schrödinger equation but 
assume that atoms are heavy enough to obey classical mechanics rules. This method does not explicitly 
treat electrons but consider a molecule as a collection of atoms interacting with each other by simple 
analytical empirical functionals implemented in a so-called force field. The bonding between atoms (con-
sidered as spheres) is modelled as harmonic oscillators. Compared to semi-empirical quantum methods, 
it is faster and allows considering larger systems for molecular dynamics or for conformational energy 
investigations. Because electrons are not treated explicitly, it does not allow studying bond-break-
ing/forming reactions or systems strongly affected by electron delocalization or molecular orbitals in-
teraction. Therefore, energies obtained with molecular mechanics have no meaning as absolute quanti-
ties. It is only the differences in energy between several conformations of the same system which are 
relevant66–69. 
 
In order to gain a clearer idea of the level of approximations used in this method, let us consider 
the easily understandable example of the PES of a diatomic molecule54, as considered with the AMBER 
force field. In a diatomic molecule, there is only one nuclear coordinate, namely the interatomic distance. 
Thus, the PES describes the potential energy of the system as the distance between the two atoms dis-
tance varies. MM methods such as AMBER are based on the Hooke's law approximation (harmonic os-
cillator model) for the PES. Figure 6 shows the deviation from the Morse potential that is considered as 
a good model for the PES of a diatomic molecule. Even though both functions have by definition the 
same minimum (because the equilibrium distance is an empirical parameter), the Morse potential is a 
better approximation because it explicitly includes certain effects like the anharmonicity of real bonds. 
Nevertheless, the harmonic potential used in MM such as AMBER is faster to compute and easier to 




parametrize than the Morse function. Furthermore, at ambient temperature only the bottom of the po-
tential is populated. 
 
 
Figure 6: Energy functions, depending on the interatomic distance. Black: Morse potential, which is considered as 
a very good approximation of the diatomic potential. Red: PES of a diatomic molecule when computed by molecular 
mechanical methods, like AMBER. Adapted from ref. 54. 
 
A force field allows calculating the molecular system's PES, Etotal, associated with a given confor-
mation of the molecule, as a sum of individual energy terms: 
 Eqrqst = Euru&vrwstxuq + Eyxuz{u| + Eqr}~{ru + E~q}xqv{u| (18) 
Enon-covalent includes electrostatic interactions of charge distributions, hydrogen bonding and vdW inter-
actions (long-range attraction and short-range repulsion). In addition, Ebending is the energy correspond-
ing to angle deformations, Etorsion describes intramolecular rotations about bonds and Estretching describes 
bond deformation54,60. Many different force-fields are available. Some of them contain additional energy 
terms to improve the accuracy of the modelling. Each force-field is defined via experimental data and 
via the choice of different functionals for each energy term. It is only designed for an ensemble of a 
molecular system54 for which the chosen functionals are adapted54. For instance, in order to model the 
vdW interactions included in Enon-covalent, one could use a Lennard-Jones potential (AMBER) or a combi-
nation of an exponential repulsion (supposed to be more accurate for repulsive forces) with an attractive 
1/R6 dispersion interaction (MM+)70. 
 
The 3D models of molecules were obtained via HyperChemTM 8.0. using AMBER or MM+ force-
fields for geometry optimization calculationsix. AMBER is popular for geometry optimization and is 
widely used in academics resulting in a constant improvement of its parameters. It was already used with 
success to explain self-assembly phenomena of helicenes and buckybowls on metal surfaces7,29. It was 
                                                     
ix Energies computed in this software are given in kcal/mol. 1.0 kcal/mol corresponds to 4.3×10-2 eV per particle. 




originally developed for proteins and nucleic acid computations71. As both the covalent bonds descrip-
tion (for relaxed structures) as well as the dispersion and dipolar forces (for molecular interactions) are 
important for protein simulations, this force field tries to combine the best of "both worlds". That is the 
reason why, it is the most used force-field method in this thesis. Nevertheless, it might lack explicit 
parameters for small organic systems that are then replaced by parameters from the default MM force 
field in HyperChem. MM+ on the other side was developed based on the MM+ force field developed 
by Allinger72. It is specifically designed for small organic molecules and peptides but only with single or 
few functional groups72. It has certain advantages when working with this type of molecules. Because of 
the functional it uses, it is more precise to simulate the vdW interaction than AMBER73. It works well for 
small organic molecules including those that show conjugation. It should be used with caution when 
working with heteroaromates or fullerenes. MM+ is a united atom force fieldx, whereas AMBER is an all 
atom force fieldxi. 
 
Periodic boundary conditions were used (with the automatic cutoff computed by the program 
to avoid discontinuities in the potential energy surface). For geometry optimization of the molecular 
structure, a conjugate gradient method, called Polak-Ribiere, was used54. The termination condition was 
to get a RMS gradient smaller than 0.001 kcal/(Å mol). For all molecular models in this work, the surface 
is made of four layers of metal atoms fixed in their bulk configuration. If another constraint is added, it 
is specified in the text. The binding interaction between two molecules will always be determined by 
comparing the energy of the optimized configuration with the energy of the two molecules far away 
from each other on the surface. 
                                                     
x It decomposes the molecules into groups of atoms that can represent the molecular properties on larger scale 
than atomic scale. It is a good approximation for systems in which the intermolecular motion predominates com-
pared with intramolecular motion. 
xi It provides parameters for every type of atom in a system, including hydrogen. 




III. Chiral polycyclic aromatic hydrocarbons 
III.1. Introduction 
1.1 Chirality 
Chirality is the spatial property of an object to be incongruent, i.e. not coinciding exactly when 
superimposed, with its mirror image74. Chiral (also called enantiomorphous) objects are devoid of 
symmetry elements of the second kind (mirror planes, centers of inversion, rotation-reflection axis)75. 
Common examples are shoes, crooked spires, gastropod shells, hands. The latter is the origin of the term 
chirality which comes from the Greek word Xєιϕ (hand). This term was mentioned for the first time in a 
lecturexii given by Lord Kelvin in 189376,77. The Figure 7 presents examples of chirality in everyday life. 
 
 
Figure 7: Chirality in everyday life. From left to right: the spiral staircase at the Lighthouse in Glasgow, a snail shell, 
the crooked spire in Rochechouart, a fern frond unfurlingxiii. 
 
On a molecular scale, chirality is present in the biological world which is literally single-handed 
(e.g. amino acids are only left-handed in the human body)74. Chirality can be used, for example, to 
determine the age of bow-head whales78. The method is based on measuring the degree of aspartic acid 
handedness switching (called racemization). As physiological properties of mirror image isomers, (so-
called enantiomers) differ most of the time, chirality is also of interest in pharmaceutics. Many drugs are 
chiral, but ibuprofen, for example, is administered as a racemic mixturexiv. Chirality is also important in 
fragrance industry. The two enantiomers of limonene smell for example differently (one like orange and 
the other like turpentine). 
 
                                                     
xii The lecture was published in 189477. 
xiii From left to right: Pictures by George Gastin, Kabir Bakie, Babsy and Jon Radoff 
xiv The R-enantiomer undergoes extensive interconversion to the S-enantiomer in vivo which is believed to be the 
more pharmacologically active enantiomer259. 




The concept of molecular chirality was first discussed in 1848 by L. Pasteur who manually 
separated right and left handed ammonium sodium tartaric acid crystals (Figure 8a) and observed 
opposite optical activities for their aqueous solution, whereas a racemate, i.e. a mixture containing the 
same quantity of both enantiomers showed no optical rotation79. In achiral environment, enantiomers 
have the same physico-chemical properties except for their equal but opposite optical rotations. Note 
that Pasteur was helped in his discovery by two important aspects. At first, the TA precipitated into a 
conglomerate of homochiral crystals, i.e. each single crystal contained only molecules with the same 
handedness. Secondly, the handedness of the molecular assembly was transferred to the macroscopic 
shape of the TA crystal80. Twenty-six years later, H. van't Hoff and J. A. Le Bel proposed independently 
the model of the asymmetric carbon atom as chiral entity (Figure 8b). Whenever a molecule has a carbon 
atom with four different substituents and if their arrangement around the carbon is not planar, then this 
carbon atom is a chiral center. Two non-superimposable mirror configurations are therefore possible. 
The discovery of the asymmetric carbon atom allowed to explain the chiral nature of the molecules in 





Figure 8: From left to right: Left and right handed tartaric acid crystals (usually found at the bottom of a wine bottle); 
asymmetric carbon atom and its mirror image; three possible outcomes of the crystallization of a racemic compound 
 
Both discoveries are fundamental in the history of chirality especially at a time when molecular 
structure and atomic bonding were not well understood81. Nowadays, the complex non-binding 
interactions between chiral molecules, also called chiral recognition, are still poorly understood: we are 
neither able to predict the outcome of a crystallization based on the molecular structure nor to explain 
why only 10% of all racemates crystallize into conglomeratesxv 82 (Figure 8c). Such complexity mostly 
comes from cooperativity83. Extremely small structural influences can indeed strongly impact the 
macroscopic structure when they are amplified by several cooperating units80,84. The study of chirality at 
surfaces is consequently motivated by the development of meaningful model systems which can 
improve our current understanding of the topic. 
 
                                                     
xv If they do not crystallize as conglomerates, the vast majority of racemic mixtures of chiral molecules will crystal-
lize as a racemate and less than 1% form a solid solution, i.e. both enantiomers are distributed randomly in the 
crystal in contrast to a racemate where both enantiomers are present in the same proportions. 




As explained earlier, pharmaceutical and agrochemical industries aim at getting pure products 
and are interested in enantioselective catalysis. In 2001 W.S. Knowles, R. Noyori and K.B. Sharpless have 
been awarded with the Chemistry Nobel Prize for their work on chirally catalyzed reactions. Another 
strong motivation for studying chiral molecules on surfaces came in the 1990's from heterogeneous 
catalysis33. In this process, the use of a chiral modifier on a catalytically active metallic surface confers 
enantioselectivity to the catalyst. By selecting the modifier properly, the reaction allows to produce an 
enantiomeric excess of one enantiomer85. Nevertheless, the mechanism of these reactions is still not 
completely understood. Moreover, the study of surface chirality could foster our actual understanding 
of biomineralization80: chiral molecules such as proteins can interact with achiral minerals during crystal 
growth and induce chirality in macroscopic crystalsxvi.  
 
A promising approach towards chiral model systems for better understanding molecular 
recognition is to investigate two-dimensional self-assembly of chiral molecules on single-crystal 
substrates by means of STM. At first, the spatial arrangement of the molecules is much simpler than in 
3D crystals. Due to the in-plane confinement giving rise to the preclusion of certain symmetry elements, 
enantioseparation on a surface has been predicted to occur more frequently7,86. However, in a recent 
review overlooking literally all published chiral surface science work, this claim was not substantiated87. 
In addition, STM allows the direct study of molecular recognition with sub-molecular resolution in 
monolayers and multilayers88,89. 
 
Note that chirality in 2D systems depends on two main aspects: 1) The chirality of the molecules 
and their mutual interactions are important. 2) The geometry of the surface has also an impact on 
binding of the molecules to the surface and therefore on the self-assembly90. The chirality in self-
assembled motifs can therefore be induced by the intrinsic chirality of the surface and molecules or 
during the adsorption of prochiral molecules. This thesis focusses on a class of intrinsically chiral 
molecules called helicenes. 
 
1.2 Helicenes 
As helicenes are usually ortho-fused polycyclic aromatic hydrocarbons denoted in which steric 
overcrowding leads to the non-planar helical molecular backbone91. Helicenes are intrinsically chiral due 
                                                     
xvi The interested reader can find more information about biomineralization in ref.260.  




to their helical shape. This is called axial chirality. They have neither a chiral center nor an asymmetric 
carbon atom. One complete pitch of a screw is obtained with six benzene rings91. 
 
R. S. Cahn et al. defined a notation92 in order to identify the two types of helices: a right-handed 
helix is designated by a P ("plus") whereas a left-handed helix is denoted by a M ("minus"). This notation 
will be used throughout this thesis. An example is given for pentahelicene enantiomers in Figure 9. 
 
Figure 9: Ball models of a (M)- and (P)-pentahelicene 
 
Helicenes purely made of benzo groups are called carbohelicenes. If at least one of the carbon 
atoms of the backbone is replaced by another element, the molecule belongs to the hetero-helicene 
family. Nomenclature notations of helicenes can be complicated. For example, the molecule with five 
ortho-fused benzene rings (Figure 10) should be called 3,4,5,6-Dibenzophenanthren93. For simplification, 
M. S. Newman and D. Lednicer introduced a new notation. The number of aromatic rings of a helicene 
is indicated in brackets before the name. Therefore 3,4,5,6-Dibenzophenanthrene is designed as 
[5]helicene and the same molecules with a nitrogen atoms in position 7 and 8 (Figure 10) is called 7,8-
diaza[5]helicene94. 
 
An inversion of handedness of the molecules requires overcoming the so-called racemization 
barrier. The Gibbs free energy for the thermal racemization of [5]H (24.1 kcal/mol at 293 K95, or 22.9 
kcal/mol at 300 K), [6]H (36.2 kcal/mol at 300 K), [7]H (41.7 kcal/mol at 300 K), [8]H (42.4 kcal/mol at 300 
K) and [9]H (43.5 kcal/mol at 300 K96) has been experimentally determined. The inversion barrier for [4]H 
was calculated as 4.0 kcal/mol with semi empirical and ab initio methods97. As can be seen, the inversion 
barrier raises rapidly with the number of rings until [7]H. Its values are similar for longer helicenes.  
  
The first hetero-helicene (7,8-diaza[5]helicene in Figure 10 is one of them) was discovered in 
1903 by J. Meisenheimer and K. Witte91 and fifteen years later the first pentahelicene was synthesized by 
R. Weitzenböck and A. Klingler91,98. Since then, the interest for these molecules has continuously 
increased due to their special properties. For example, they can form charge-transfer complexes with 
many π acceptors. Furthermore, helicenes are often fluorescent molecules and can therefore be used for 
optoelectronics. Nevertheless, their quantum yield being not very good, they need functionalization, 




such as [5]H was functionalized with nitrile groups and are used as emissive material for OLED99. 
Helicenes are interesting for other applications, such as liquid crystals98, molecular motors100,101 or 
switches102, asymmetric catalysts103, optical active polymers104,105 or sensing materials106. An extensive 
list of helicene applications (mainly for carbohelicenes) is given in ref.98. 
 
                
Figure 10: From left to right: molecular structure of a [5]helicene and a 7,8-diaza[5]helicene  
 
An important aspect, which makes helicenes suitable to be used for experiments described in 
this thesis, is the possibility of sublimation at reasonable temperatures. They can be functionalized and 
their length can be variedxvii. It allows studying a wide range of intermolecular interactions: vdW, CH-π, 
π˗π stacking or interactions between functional groups. 
 
1.3 Previous work 
A good overview of all the studies realized with helicenes in various fields (biochemistry, opto-
electronic, surface science,…) was written by M. Gingras98. This paragraph will only discuss the studies of 
helicenes on metal surfaces which are relevant for this work. 
 
1.3.1 Self-assembly of racemic and enantiopure carbohelicenes on surfaces 
Rac-[7]H (C30H18) was meticulously studied with STM by Ernst and co-workers on several single 
metal crystals to determine the influence of the template on the self-assembly. On each surface a specific 
adsorption footprint is indeed adopted by the molecule upon deposition. In the case of rac-[7]H on 
Cu(111), X-ray photoelectron diffraction (XPD) revealed that the molecule binds to the surface with their 
three first C6 rings (terminal phenanthrene group) oriented parallel to the (111) plane107. From the fourth 
rings on, the molecules spiral away from the surface. The fact that identical adsorption sites (Figure 11) 
are occupied has only recently been established by DFT calculations (L. Zoppi, Empa, unpublished re-
sults). This is expected because the length of the unit cell of Cu(111) fits the size of benzene rings in 
                                                     
xvii There are numerous synthesis procedures to obtain helicenes. For more details about them, the interested reader 
can consult ref. 261 and ref. 262 for non-stereoselective and stereoselective syntheses respectively. 




planar aromatic hydrocarbons, allowing the molecule to adsorb on top of identical adsorption sites108. 
This is not the case on Au(111) and Ag(111) due to their larger lattice constant. A Cu(100) with a C4 
symmetry does not allow the three first ortho-fused benzene rings of a helicene being located above 
identical adsorption sites (Figure 11). 
         
Figure 11: Schematic drawing of the molecular orientation of (M)-heptahelicene on the Cu(111) surface with the 
corresponding adsorption footprint of [7]H on Cu(111) as measured in ref.107. The expected adsorption footprint of 
the three lowest C6 rings of [7]H on Cu(100) is displayed on the right (see refs. 107,109). 
 
On Cu(111), at low coverage, rac-[7]H forms heterochiral pairs as determined by STM manipu-
lation110. Close to ML coverage, Ernst and co-workers observed the formation of non-superimposable 
mirror domains made of racemic rows composed of heterochiral dimers7,111. On Au(111) and Ag(111), 
similar heterochiral zigzag rows were observed with minor structural changes (orientation with respect 
to the substrate, spacing between the rows…) induced by the different lattice parameters of the metal 
substrates112. However, on Cu(100), with a completely different adsorption footprint, the assembly is 
different. At low coverage, homochiral quadruplets were observed, arranged in a conglomerate of ho-
mochiral domains at saturated ML coverage113. These studies allowed to demonstrate that the geometry 
of the surface is indeed important.  
 
Enantiopure M-[7]H forms almost identical self-assemblies at ML coverage on Cu(111), Au(111) 
and Ag(111)112,113. The dense packing at full ML coverage is in all three cases responsible for the for-
mation of an ordered motif made of lines of triangles. Each triangle consists of a triplet of molecules. 
Note that the stress induced by a larger lattice parameter of the substrate can reduce the stability of the 
self-assembly. For instance, on Au(111) at around 0.95 ML coverage, M-[7]H forms an ordered structure 
made of lines of small squares112. Each square is made of four molecules closely packed together due to 
the intermolecular interactions in the dense layer. Increasing coverage leads to the modification of the 
self-assembly: squares now coexist with triangles. At saturated ML coverage, squares are not observed 
anymore and the surface is fully covered with triangles. In both motifs, the molecules are positioned so 
that their three upper-most C6 rings is in the center of a rectangle or of a triangle. In all cases, the squares 
and triangles are the result of dense packing. Note that the adsorption of enantiopure compounds often 
leads to enantiomorphism of the adsorbate lattice, i.e. the molecular lattice vectors have a tilt angle with 




respect to the substrate lattice vectors and this angle is the same in opposite directions for the opposite 
enantiomers109. 
 
Rac-dibenzopentahelicene (rac-dB[5]H) was investigated on Au(111)114. It is an isomer of [7]H 
which also has a helical shape but with a larger opening angle and a different footprint on surface. Only 
50% of the surface was covered by an ordered structure at ML coverage. The molecules formed a con-
glomerate of homochiral 2D domains114. 
 
1.3.2 Excess experiments 
A small chiral bias can induce a cooperative response leading to single enantiomorphism. This 
effect is either called sergeant-and-soldiers or majority-rule effect, depending on if the majority com-
pound is chiral or not. It was first observed for polymers and was then observed in 2D for carboxylic 
acids and for helicenes. For rac-[7]H on Cu(111), Parschau and co-workers115, used the “sergeant-and-
soldiers” effect to show that the second layer formation gives rise to a transition from a 2D racemate 
(racemic zigzag rows) into a 3D racemate, where the layers are enantiomerically pure. In fact, at a certain 
coverage between 1 ML and 2 ML, a coexistence between second layer islands and diluted domains 
made of racemic zigzag rows in the first layer was observed. The second layer islands were, however, 
much larger than would be expected for this coverage. They explained this dilution by a higher nuclea-
tion temperature for the double layer phase with respect to the first layer and a transport of molecules 
from the first to the second layer. The mobility of the molecules being still high enough to allow them 
to travel over large distances and supporting both the growth of the homochiral second layer and the 
dilution in the 1st layer. At lower coverage, the 1st layer started to nucleate but the coverage was too low 
in the ML to give rise to the formation of well-ordered zigzag row domains. In order to determine the 
composition of the ML when two complete layers of rac-[7]H are crystallized, Parschau et al.115 per-
formed an excess experiment. By adding a small amount of M-[7]H to the racemic mixture, they demon-
strated that the second layer is only made of (P)-[7]H, the majority enantiomer must therefore be in the 
first layer: the double layer is made of homochiral layers with alternating handedness. 
 
1.3.3 Self-assembly of functionalized helicenes 
Self-assembly of functionalized helicenes is important to understand how to tune the properties 
at the metal/organic interfaces for applications. Studies performed on helicenes functionalized with het-
eroatoms or polar groups deposited on metal single crystals will be briefly discussed. 
 




Racemic 6,13-dicyanoheptahelicene spontaneously forms a conglomerate of homochiral do-
mains on Cu(111)116. According to DFT, the intermolecular interactions which drive the self-assembly are 
hydrogen bonding and CN-CN dipolar interactions. At low coverage and on Cu(111), enantiopure 6,13-
dicyanoheptahelicene forms chains which are linked by H-bonding at 90 K and which, upon the release 
of Cu adatoms at RT, form metal-coordinated chains117. In the H-bonded case, the opposite enantiomers 
lead to chains of inverted symmetry. However, organometallic chains are not chiral. 
 
On Cu(100), (M)-5-amino[6]helicene forms duplets, triplets and squares118. These quadruplets 
completely cover the surface close to saturated coverage. For rac-5-amino[6]helicene, the same struc-
tures are observed at low coverage with additional heterochiral clusters and duplets with shorter inter-
molecular distances119. Close to saturated ML, rac-5-amino[6]helicene does not self-assemble, except 
for a few rows, embedded in the disordered structure119. On Au(111), at the liquid solid interface, rac-5-
amino[6]H forms racemic polymorphs coexisting with a similar structure as the triangles made of three 
molecules observed for [7]H on Au(111)120. In vacuum, (M)-5-amino[6]H forms double rows118. C6 rings-
surface interaction dominates in the case of Cu(100) but the amino-surface interaction dominates on 
Au(111). In both cases no polar interactions mediated by hydrogen bonding was observed. The assembly 
was only driven by the maximization of vdW forces. 
 
Racemic hexathia[11]heterohelicene on Au(111), forms a hexagonal lattice which is apparently 
made from a random distribution of (P)- and (M)- enantiomers121–123. On Au(110), the molecules form 
chains running along the high symmetry axes of the sample. Their chirality could not be determined 
except in multistep regions where the rows were homochiral.  
 
Finally, racemic 7-bromopentahelicene was studied on Ag(001). No ordered-structure was ob-
served, due to the limited mobility of the molecules on this surface124.  
 
1.4 Goals and outline 
The influence of the metallic substrate geometry on the self-assembly of carbohelicenes, which 
in turn is dominated by vdW interactions, is on its way to become well understood. However, a lot of 
work needs still to be done to understand the effect of different intermolecular interactions on the self-
assembly. This problem calls for the study of well-defined models which can be meticulously compared 
to each other to understand the influence of various functionalities on chiral recognition. 
 




As discussed previously, rac-dB[7]H and rac-[7]H, two isomers with a different helix opening 
showed completely different structures on the surface. The study of rac-[5]H will be presented in the 
paragraph III.2. In the paragraph III.3, enantiopure (M)-aza[6]H will be studied at low coverage on Cu(100) 
and Au(111) which induce different adsorption footprints. The results will be compared to the one ob-
tained on (M)-5-amino[6]helicene118 on the same surfaces in order to determine the influence of differ-
ent polar group on the outcome of the self-assembly.  
 
In a second part, on-surface covalent chemistry will be performed with bromohelicenes. Because 
surfaces provide an up–down asymmetry, excluding certain symmetry elements, such as centers of in-
version, they may induce stereochemical effects during chemical reactions of chiral molecules. Ullmann 
coupling, a successful reaction for the C–C coupling of organic molecules on surfaces, is the perfect 
candidate to verify this hypothesis. Ullmann coupling was not yet performed on chiral molecules and 
will be presented for rac-Br[4]H and rac-Br[7]H on copper and gold in the paragraph III.4. Thermally-
induced decomposition of helicenes will also be studied in the paragraph III.5. This on-surface chemical 
reaction will be performed with various PAH on oxygen-reconstructed copper. The goal is to induce an 
autocatalytic decomposition using oxygen-free helicenes, a phenomenon which was until now only ob-
served for oxygen-containing molecules. 
 
III.2. Coverage-mediated chiral phase transition: pen-
tahelicene on Cu(111) 
The study of pentahelicene (C22H14, [5]H) was performed to observe the influence of the length 
of a helicene on the self-assembly. Due to its relatively low racemization barrier around room tempera-
ture (24.1 kcal/mol at 293 K95), [5]H can only be studied as a racemate (rac). Both enantiomers are illus-
trated in the Figure 9. The 2D crystallization of rac-[5]H was studied with STM on a face centered cubic 
(fcc) Cu(111) surface at about 50 Kxviii. 
 
                                                     
xviii Most of the results presented in this paragraph were published in ref. 67. 




2.1 Low coverage 
2.1.1 Dimer formation 
The coverage has an important impact on the self-assembly. At low coverage (θ << 1 ML), single 
molecules as well as dimers were observed (Figure 12). The EHT calculations of the frontiers orbitals 
allow determining unambiguously the handedness of every molecule. The dimers are homochiral: they 
are made of two [5]H having the same handedness, rotated by 180° with respect to each other. It means 
that as soon as the molecules are close enough to each other, it is energetically better for the adsorbed 
molecules to form pairs. This tendency to form pairs was already observed in the case of [7]H7. Never-
theless, the [5]H form homochiral dimers whereas [7]H forms only heterochiral dimers110. R. Amemiya 
and co-workers125 studied the non-covalent bonding interactions between helicenes in 3D. They ob-
served that configurations of molecules with the same handedness form more stable complexes than 




Figure 12: (a) Low-temperature STM image (15.3 nm × 15.3 nm, 89 mV, 40 pA) of [5]H on Cu(111) at low coverage 
(obtained by Dr. J. Seibel with a home-built LT-STM at 7 K). The insets (2 nm × 2 nm) display magnifications of a 
single (M)-[5]H molecule, a (M,M) homochiral dimer, i.e. made of two (M)-[5]H) and a single (P)-[5]H molecule. Cir-
cular arrows indicate the molecular handedness: they go from the bright uppermost part to the lowest part of the 
molecules. (b) Ball models of [5]H and corresponding electron density maps of the frontier orbitals (electron density: 
0.0001 e/Å³) calculated with EHT. Density maps of the HOMO (states 47-51) and LUMO (states 52-54) for a (P)-[5]H 
(top), a (M)-[5]H (bottom left) as well as a (M,M) dimer (bottom right) with their corresponding models are visible. 
In all cases, the molecules appear round with a brighter off-centered protrusion corresponding to their upper part 
as emphasized by the superposition of the atoms (in yellow) on the (P)-[5]H LUMO image in the top right corner. 
The Hückel calculations support the handedness assignment of the molecules in (a). 
 




2.1.2 Modelling  
To learn more about the interactions between two molecules in a dimer, MM was used (with 
AMBER and MM+ force fields which can both be used for [5]H, as justified in the paragraph II.4.3 ). Such 
force field calculations were already used with success for explaining self-assembly phenomena of heli-
cenes on metal surfaces7. The helicenes were relaxed freely on the surface.  
 
Figure 13: Molecular modelling of homochiral [5]H dimers on Cu(111). (a) Ball model of fully optimized lowest 
energy configuration resulting from AMBER force field calculations. (b) Ball-and-stick model of the dimer with the 
three lowest rings of both molecules located above different threefold hollow sites. (c) Side view on the optimized 
geometry of the AMBER force field calculations, showing that for both molecules, the three lowest rings are almost 
parallel to the surface. (d) Ball-and- stick model of the optimized dimer according to DFT calculations. The three 
lowest rings of both molecules are located above different threefold hollow sites. (e) Side view of a dimer, obtained 
from DFT: as for MM, the three lowest rings are almost parallel to the surface. The DFT calculations were performed 
by Dr. L. Zoppi. 
 
The structure of the homochiral dimer at minimum energy (Figure 13a-c), obtained when two 
[5]H with the same handedness are deposited on the surface, reflects well the STM result presented in 
Figure 12. The attractive interaction energy between the two molecules is about 5.6 kcal/mol (AMBER, 
5.7 kcal/mol with MM+). The value lies in the typical range of vdW interactions. The model indicates a 
partial overlap of upper and lower terminal rings of the two molecules in the dimer. The partial overlap 
of the terminal rings suggests π-π interactions as binding mechanism for the dimer. It is larger than 
calculated for π-π stacking interactions of benzene dimers (2-3 kcal/mol126), but here all four terminal 
rings of both molecules are involved in the interaction.  
 
Similar evaluations were performed with DFT which was in this case very sensitive about local 
energy minima and depended strongly on the initial conditions before relaxation. The relaxed configu-
ration (Figure 13d, e) was obtained only when the molecules were initially placed so close from each 




other that repulsion dominated, pushing both molecules apart until they reach this energy minimum. 
Starting with both molecules further apart, as for the force field approach, the optimization stopped with 
both molecules at a larger distance and with a lower intermolecular binding energy. The lowest-energy 
dimer arrangement is identical to the one found with the force field calculation. Both MM and DFT 
deliver an adsorption geometry such that 5[H] adsorbs with its three lowest rings more or less parallel 
to the surface (Figure 13c). It is the same adsorption footprint as found with XPD for heptahelicene by 
Fasel et al.107 (Figure 11 and paragraph III.1.3.1). However, the surface binding sites resulting from the 
two modelling approaches are different. According to MM, the three low-lying C6 rings are located above 
on-top sites. This is usually not the case for aromatic rings on Cu(111)127–130: they usually adsorb above 
a threefold hollow site. If the complete dimer is shifted such that the lowest rings are above three-fold 
hollow sites, the two molecules in the pair will be located on top of different hollow sites (Figure 13b). 
The lowest rings of one molecule are above tetrahedral coordination sites (hcp hollow sites) and the 
lowest rings of the other molecule are above octahedral coordination sites (fcc hollow sites). According 
to DFT, the two [5]H adsorb with their three lower benzene rings above surface hollow sites, again dif-
ferent for both molecules of a dimer, but both sites (hcp and fcc) have almost the same energy. The 
distance between the 2nd lowest ring plane and the perpendicular top most Cu atom of the surface is 
3.1 Å in DFT for the monomer and for the dimer (3.07 Å with MM+ and 3.6 Å with AMBER). This distance 
is actually identical to the one determined for 5-aminohexahelicene on Cu(100)118. The DFT-derived in-
termolecular binding energy is 6.0 kcal/mol which is similar to the value obtained with MM.  
 
The intermolecular interaction between [7]H molecules is different than the interaction between 
[5]H molecules. It was confirmed with MM (Figure 14) for the optimized heterochiral dimer of 7[H] that 
an attractive interaction of only 3.0 kcal/mol results. The two additional rings in the helical backbone of 
a single helicene modify the respective position of the terminal benzene rings. The repulsion between 
them is spread over different numbers of bonds, which has an influence on the interplanar angle of the 
molecule. This angle is equal to 48.9° for [5]H131 and 30.7° for [7]H91 (Figure 14 d). A large interplanar 
angle allows two [5]H to adsorb "face to face" (Figure 13 a), leading to attractive π-π interactions be-
tween their overlapping terminal ends. However, two [7]H can only interact from the side (Figure 14 c), 
weakening the vdW interaction between each other. [5]H acts like dB[5]H114, which also formed homo-
chiral dimers rotated by 180° with respect to each other due to their larger opening compared to [7]H. 
 
The take home message of the comparison between DFT and MM is that, except for the adsorp-
tion site, the force field approach already confirms well the experimental observation of homochiral 
dimers formation. The exact binding site on the surface requires intense DFT calculations with many 
different initial conditions to identify the lowest energy configuration. 




As a comparison with the homochiral dimer, a heterochiral (P,M) pair was optimized with MM 
(Figure 14a, b). The optimization gives rise to two different configurations and consequently two differ-
ent interaction sites, equivalent in energy, with a binding interaction of 3.7 kcal/mol (AMBER). Therefore, 
the heterochiral dimer has a total energy higher than the homochiral dimer, i.e. it is less favorable.  
DFT calculations can also give additional information concerning the charge distribution when 
one molecule or the dimer adsorbs on the surface. It this case, the Pauli repulsion between the molecule 
and the surface implies an important charge redistribution at the interface (Figure A. 1 in the appendix). 
Charge depletion is observed in the molecular region whereas the charge accumulates underneath and 
around the molecule. This effect is known as cushion effect132–137. The dipole moment of a single [5]H 
on the surface was found to be 4.5 Dxix. It is 7.3 D for a dimer which is high: it is the magnitude range of 
the dipole created during the adsorption of alkali metal on metal surfaces138–140.  
 
Figure 14: Molecular modelling of heterochiral [5]H and [7]H dimers on Cu(111). (a, b) Ball models of lowest-energy 
configurations of (P,M)-[5]H (AMBER force field). The two configurations are equivalent in energy. The binding in-
teraction between the two heterochiral molecule is equal to 3.7 kcal/mol. It is much lower than the energy computed 
for a homochiral dimer (5.6 kcal/mol). (c) Ball model of the lowest-energy configuration of (P,M)-[7]H (AMBER force 
field). The binding interaction between two [7]H is only 3.0 kcal/mol in this case. (d) Side view of a [5]H and [7]H 
molecules, showing the interplanar angles between the terminal ends of each molecule.  
 
In summary, rac-[5]H and rac-[7]H on Cu(111) adsorb with their three first C6 rings parallel to 
the surface, as confirmed with theoretical modelling (Figure 11 and paragraph III.1.3.1). The surface-
molecule interaction is consequently similar in both cases.  
                                                     
xix 1D = 3.34 × 10-30 C.m 




2.2 Long-range ordered structures 
2.2.1 Evolution of the self-assembly with the coverage 
The formation of long-range ordered structures only starts close to ML coverage (Figure 15a). 
The relatively high mobility of the molecules, even at 50 K, does not allow the formation of self-assembly 
at a lower coverage. At θ = 0.97 ML (Figure 15a), a long-range ordered structure with a checkerboard 
pattern starts to form. The checkerboard completely fills the 1st layer (Figure 15b) at a coverage that we 
assigned as one ML (according to the definition of a ML in paragraph II.2). This coverage has indeed the 
highest observed lateral density in the first single layer. A structure with a honeycomb pattern appears 
and its proportion raises with the coverage until the complete disappearance of the checkerboard pat-
tern in the 1st layer (Figure 15c, d). Exceptionally, a small patch of the honeycomb structure can be ob-
served below ML (Figure 15a). However, usually, the honeycomb pattern is only seen above ML coverage. 
 
Figure 15: STM images (80 nm × 80 nm) of the 1st layer at different coverages. (a) θ = 0.97 ML: checkerboard 
domains are observed. A small patch of honeycomb domain is highlighted with a black circle (20 pA, 1.78 V) (b) θ 
= ML: only the checkerboard structure is present on the surface (20 pA, 2.27 V) (c) θ = 1.01 ML: both structures are 
observed (35 pA, 3.27 V) (d) At higher coverages (1.03 ML ≤ θ < 2.0 ML): only the honeycomb structure is observed 
in the 1st layer (20 pA, 2.84 V). 
 
2.2.2 Characterization of the two long-range ordered structures 
To explain the transition between both structures, the determination of the patterns composi-
tion is important (Figure 16). Identifying the handedness of the molecules is not as straightforward as at 
low coverage due to the interaction of adjacent molecules, which lowers corrugation and therefore STM 
contrast, but it is still possible. Ignoring the defects, the contrast of every molecule (bright off-centered 




protrusion and faint tail) allows to conclude that both long-range ordered structures are built-up by 
homochiral dimers (Figure 16). 
 
 
Figure 16: STM images of different ordered structures in the 1st ML of [5]H on Cu(111). (a) Long-range STM image 
(θ = 1.02 ML, 50 nm × 50 nm, 35 pA, 2.50 V) showing the coexistence of the checkerboard (green) and honeycomb 
(blue) structures. β, δ and ε correspond to the three rotational domains of the checkerboard structure. (b, c) Mag-
nified images of the two mirror domains of the honeycomb phase. Arrows indicate features corresponding to the 
lower part of a molecule near the bright protrusion (upper part of the molecule). (b: 5.8 nm× 5.8 nm, 95 pA, 1.12 V; 
c: 7.7 nm × 7.7 nm, 35 pA, 2.50 V). (d, e) Same STM images as (b, c) but with indications of the handedness of the 
molecules. Circles (blue for M, black for P) mark the bright protrusions and the associated curved arrows follow the 
lower molecular part spiraling down. Each domain of the honeycomb phase is homochiral. (f, g) Images of the 
checkerboard structure. (f) Within a single domain (green) two different apparent alignments of the dimers are 
observed (16.6 nm × 16.6 nm, 35 pA, 2.50 V). (g) Image (7.5 nm × 7.5 nm, 35 pA, 2.5 V) highlighting the composition 
of the checkerboard phase: a regular alternating arrangement of homochiral dimers with opposite handedness.  
 
Checkerboard structure 
The checkerboard structure (Figure 16f, g) is made of a succession of homochiral pairs with 
opposite handedness (M,M) and (P,P): it is therefore a racemate. Three rotational domains (β, δ and ε in 
Figure 16a) are observed. They are explained by the symmetry of the Cu(111) surface. Indeed, the metal 
substrate acts as a grid which allows only certain molecular patterns and certain distances between the 
molecules. According to DFT (Figure 13b), each molecule in a dimer adsorbs only on one type of hollow 
sites (hcp for one of the molecule and fcc for the other molecule of the dimer), i.e. only half of the sites 
of the six-fold symmetric topmost Cu(111) layer are available. It leads to a three-fold symmetry. Accord-




The honeycomb structure forms mirror domains which are identified by α and α in Figure 17. 
The matrix notations and associated parameters are displayed in Table 2. The mirror domains are rotated 




by the same angle in opposite directions with respect the [110] axis of the Cu lattice: respectively 14°±2° 
for the α domain and –14°±2° for the α domain. Because both mirror domains are oriented parallel to 
the three-equivalent high-symmetry [110] axes of the copper surface and have a C6 symmetry, a rotation 
of 60° applied to a mirror domain will leave it unchanged. It explains the absence of rotational domains 
for this structure.  
 
 
Figure 17: STM image of the honeycomb structure: α (green) and α (blue) mirror domains and their respective 
angles with respect to the [110] direction of the Cu(111) surface. (100 nm × 100 nm, 20 pA, 2.05 V) 
 
In both domains, a hexagon is made of six dimers having three distinct orientations (Figure 16b-
e), which can once again be justified by the C3 symmetry of the system. Nevertheless, mirror domains 
have opposite handedness: α domains are only made of (M,M) pairs (Figure 16b, d) whereas α are only 




To model both structures, several parameters must be determined. At first, to express the posi-
tion of the molecular lattice with respect to the copper lattice, the so-called matrix notation is deter-
mined based on the STM images of the substrate and of the molecular self-assemblyxx. The matrix no-
tation relates the molecular adlayer lattice vectors M, vectors LM and the substrate unit cell vectors vectors YLLLM, YLLLM	as follows:  
                                                     
xx Another way to define the relation between the adlayer and the substrate lattices (when they have common 
periodicity) is to express it as a function of the basis vectors’ length and of the angle of rotation between the two 
lattices263. It is called the Wood notation264 




  = QQ QQ  × YY (19) 
The choice of the unit cells of substrate and molecular lattices is established by several detailed rules141. 
The different matrix notations of the two structures as well as number of molecules per unit cell and the 
occupied area per molecule are given in the Table 2. The matrix notation, the molecular models and the 
known chiral composition of each structure allow to model the two long-range ordered structures (Fig-
ure 18). In both cases, the models agree well with the STM images. 
 
Structure Chiral composi-
tion of a domain 
Master matrix141 Molecules / unit cell Occupied area / molecule 
[Å2] 
Honeycomb homochiral 12 −33 15 6 177.4 
Checkerboard racemic 14 4−4 10 4 123.9 
Table 2: Structural parameters of the structures formed by rac-[5H] on Cu(111). The area per unit cell was calculated 
from the matrix notation. 
 
The area per molecule (Table 2) for the honeycomb structure (177.4 Å2) is higher than for the 
checkerboard structure (123.9 Å2). A molecule is often observed in the middle of the pore of the honey-
comb structure (Figure 16).  Even when considering an additional molecule in every honeycomb pore, 
the area per molecule decreases only to 152.0 Å2. It is not sufficient to counterbalance the fact that the 
racemic structure is denser than the conglomerate. This observation follows partly the empirical "Wal-
lach's rule"142 which states a higher density for racemic crystals than for their homochiral counterparts143. 
In the case of [5]H on Cu(111), when the coverage increases, the surface is indeed increasingly covered 
with the denser racemic structure. Nevertheless, this process is reversed with further deposition of mol-
ecules when the diluted conglomerate starts to form. It is an intriguing phenomenon since, as the race-
mic mixture is denser than the conglomerate, adding more molecules should give rise to a complete 
layer of the checkerboard structure. To explain it, one must have a closer look at the transition from the 
dense racemate to the less dense conglomerate. It is quite “fast” as the coexistence of both phases is 
observed only within a few percent excess above ML coverage. More importantly, the formation of the 
honeycomb phase occurs when the coverage is higher than a monolayer, i.e. only as the 2nd layer forms. 
The observed racemate–conglomerate transition must be therefore induced by the 2nd layer nucleation. 
In addition, when the 2nd layer starts to grow, a dilution in the 1st layer is observed (from dense racemate 
to less dense conglomerate): hence, there must be a transport of molecules from the 1st to the 2nd layer. 
A similar transport of molecules in a multilayer was already observed for [7]H (see paragraph III.1.3.2).  





Figure 18: (a) Molecular model and superposition of the model on a STM image (9.5 nm × 9.5 nm, 35 pA, 2.50 V) 
for the checkerboard structure. The uppermost ring of the molecule is highlighted in red and blue for a (P)-[5]H and 
a (M)-[5]H, respectively. The high-symmetry directions of the Cu surface are indicated in the lower left corner and 
the molecular unit cell is indicated with a rectangle. The models for the two other rotational domains can be found 
in Figure A. 2 in the appendix. (b) Molecular model and superposition of the model on a STM image (8.5 nm × 8.5 
nm, 30 pA, 2.30 V) for a (P)-[5]H domain of the honeycomb structure. The long axes of the dimers point into three 
symmetry-equivalent directions (indicated by three arrows with same origin). The molecular unit cell is indicated 
with a parallelogram. The model of the mirror domains is presented in the appendix in the Figure A. 3. 
 
2.3 Heterochiral to homochiral transition in the 1st layer induced 
by 2nd layer nucleation 
 
2.3.1 Second layer 
By increasing the coverage (θ > 1 ML), larger areas of the 2nd layer, covered with a new structure 
can be observed. Unfortunately, the STM resolution was not sufficient to allow determining the chiral 
configuration of the molecules in the second layer. However, a few observations could still be made. 
Firstly, this structure forms two mirror domains distinguishable by their orientations (Figure 19). Their tilt 
angle with respect to the [110] substrate direction is, as observed for the 1st-layer honeycomb structure 
±(14±2)°. Secondly, the periodicity of the 2nd layer is identical to the one of the honeycomb phase (hex-
agonal symmetry in Figure 20). The 2nd layer therefore seems to grow epitaxially on the 1st layer.  





Figure 19: STM images of the 2nd layer. (a) For θ > 1 ML, two mirror domains µ and μ with different orientations are 
observed (100 nm × 100 nm, 20 pA, 4.00 V). (b, c) STM images of both mirror domains (30 × 30 nm2, I = 20 pA, U = 
4.00 V). Their relative alignment with respect to the [110] direction (dashed line and arrow) of the Cu(111) surface is 
indicated by white and black lines. The mirror domains are rotated by 14 ± 2° in opposite directions with respect to 




Figure 20: Comparison of equal-area-STM images of the honeycomb structure in the 1st layer (left) with a 2nd layer 
domain (right). In both images, the structures have the same periodicity, as indicated by the hexagons (left image: 
21nm × 21 nm, 2.05 V, 20 pA, 1st layer θ = 1.03 ML; right image: 21 nm × 21 nm, 4.00 V, 20 pA, 2nd layer θ = 1.7 
ML).  
 
2.3.2 Origin of the transition: the homochiral double-layer nucleation mecha-
nism 
The transition from the dense racemate to the conglomerate can be explained using the above-
mentioned observations. At low temperature (~50 K) and ML coverage (Figure 21a), the 1st layer is made 
of the dense racemic structure. In order to increase the coverage by a few percent above ML, i.e. to 
deposit more molecules, the sample is warmed up to room temperature (Figure 21b). After deposition, 
the sample is again cooled down to about 50 K: the STM shows a diluted 1st layer with honeycomb 
domains. The dilution is induced by a transport of molecules from the 1st into the 2nd layer (paragraph 




2.2.2). The transport can only happen if the double layer phase nucleates before the 1st layer upon cool-
ing, i.e. at higher temperature (Figure 21c). The transport creates locally an enantiomeric excess (e.e.) in 
the 1st layer which is required to explain the nucleation and further growth of the homochiral honeycomb 
structure (Figure 21c, d). This mechanism is supported by the epitaxial growth of the second layer on 
top of the first layer (Figure 20). In addition, homochiral nuclei are observed experimentally already at θ 
= 1.01 (Figure 22). They are formed because locally, there is an e.e. and due to the lack of the other 
enantiomer, the racemic checkerboard phase in not viable for further growth. Thus, the homochiral di-
mers arrange into hexagons to optimize their energy by vdW inter-dimers interactions. The hexagons 
might serve as nuclei for the growth of the honeycomb phase.  
 
Figure 21: Sketch of the double-layer nucleation mechanism explaining the racemate-conglomerate transition. (a) 
At ML, coverage and low temperature, the 1st layer is made exclusively of the racemic checkerboard structure. (b) 
To add more molecule, the sample must be at room temperature, the molecules of the 1st layer are moving due to 
thermal agitation and form a 2D molecular gas. (c) At θ >1 ML, upon cooling, the homochiral double layer nucleates 
before the 1st layer inducing molecular dewetting. A local enantiomeric excess is created acting as a nucleus for the 
honeycomb phase growth. (d) At θ >1.03 ML, the 1st layer is made of a conglomerate of the homochiral honeycomb 
structure. The 2nd layer composition is unknown. 
 




The kinetics plays an important role in this process. Because the 1st layer is overall racemic, the 
diffusion of the molecules must be limited. It allows the formation of homochiral nuclei which act as a 
chiral chemical potential and are the driving force for the transition from the racemate to conglomerate. 
In other words, it is an additional term of the free Gibbs energy which drives the transition due to enan-
tioselective mass change in the 1st layer. 
 
Figure 22: STM image of the initial stage of the transition from racemate to conglomerate induced by 2nd layer 
nucleation (θ = 1.01, 21.4nm × 21.4 nm, 1.90 V, 30 pA). The checkerboard structure domains are highlighted in 
green. Homochiral nuclei of the honeycomb phase are highlighted with blue filled circles.  
 
Note that it is mandatory to have molecules in the disordered 2nd layer (θ > 1 ML) to initiate 
double layer nucleation. As long as there are only molecules in the first layer, only first layer nucleation 
and growth occur. The lateral density of the conglomerate phase is only 70% of the racemate phase but 
at the nominal sub-monolayer coverage equivalent to the honeycomb phase (θ = 0.7 ML), no ordered 
structures have been observed at all. 
 
A similar process was already observed for [7]H on Cu(111)115 (paragraph III.1.3.2): a chiral bias 
transformed the system from a 2D racemate into a 3D racemate, in which the structure in each layer was 
homochiral. In both cases, a molecular dewetting was observed. What is different in our case, is that a 
new structure, including a heterochiral – homochiral transition, appears in the 1st layer. On the contrary, 
for [7]H, the principle 1st layer’s motif (heterochiral zigzag rows) is still observed until the 2nd layer com-
pletely forms. The change of chiral composition in the 1st layer was only revealed by excess experiments. 
The coexistence of racemate and conglomerate as well as the homochiral-racemic transition within the 
monolayer have been reported previously for prochiral molecules144–146, chiral tartaric acid147, and heli-
cenes120,148. What is new in this case is the transition from racemate to conglomerate which is only in-
duced by 2nd layer nucleation. In addition, there is no example of racemate crystals made by homochiral 
vdW dimers in 2D or in 3D. 





On Cu(111), rac-[5]H forms completely different structures than rac-[7]H. At all coverages, the 
dimers formed by the molecules were homochiral for [5]H and heterochiral for [7]H. Even if the molecule-
substrate interactions are the same in both cases, the addition of two ortho-fused benzene rings and 
subsequent modification of the interplanar angles of the molecules have a strong impact on the pairing 
of molecules at low coverage. It modifies the interaction site and weakens the attractive vdW interaction 
in a dimer, as confirmed by MM and DFT calculations. Considering that the helix interplanar angle is 
equal to 48.9° for [5]H131 and 30.7° for [7]H91 (Figure 14d), [4]H with an interplanar angle91 of 26.7° should 
not be able to form homochiral dimers interacting face to face. It would be interesting to verify it exper-
imentally. Different short-range structures have a huge impact on the self-assembly (Table 3) and results 
in the formation of completely different pattern close to ML coverage. Note that the geometries of the 




Molecule [7]H, C30H18 [5]H, C22H14 
Ortho-fused benzene rings 7 5 
Short-range structure  (P,M) dimers7 (P,P) or (M,M) dimers 
Long-range structure 
Racemic zigzag rows in 
mirror domains 7,111 
Racemate & conglomerate 
Binding interaction dimer 3.0 kcal/mol 5.6 kcal/mol 
Table 3 : Structural parameter of the two long-range ordered structures observed in the 1st layer of rac-[5]H on 
Cu(111) 
 
For rac-[7]H115, a chiral bias in a form of a small e.e. (addition of one of the enantiomer to the 
racemic mixture on surface), leads to single enantiomorphism in multilayered sample, i.e. to the presence 
of only one of the enantiomer in each layer. The majority enantiomer is only allowed to exist in the 
bottom layer. The top layer consists exclusively of the minority enantiomer. In the case of [5]H, the chiral 
bias is due to a kinetic effect. This is the addition of molecules above ML coverage and the transport of 
molecules from the 1st to the 2nd layer which create locally a small e.e.. Nevertheless, the diffusion of the 
molecules must be limited to allow the formation of homochiral nuclei. Because the first layer is overall 
racemic, a higher diffusion of the molecules would prevent the formation of homochiral nucleus which 
act as a chiral chemical potential and is the driving force for this transition from the racemate to con-
glomerate. Our results reveal that the majority rule effect, i.e. chiral amplification due to an enantiomeric 
excess is not only possible in 2D on surface but also in 3D (multilayers). A small excess in coverage is 




sufficient to completely change the first layer structure and therefore its properties. This observed new 
effect is promising for organic electronics: for example, to tune the molecular structure at electrode 
interfaces of devices. Functionalized pentahelicene should be investigated in the future because more 
and more helicenes-based applications use functionalized helicenes. For instance, aza[6]H or dicy-
ano[5]H could be investigated to see the impact of polar interactions on the self-assembly and on the 
double layer nucleation and growth. On a more fundamental point of view, this work proved that STM 
can be successful to provide insights into fundamental processes of crystallization even though this 
technique is rather slow.  
 
III.3. Influence of functionalization on the self-assem-
bly of carbohelicenes: (M)-azahexahelicene 
Enantiopure (M)-1-aza[6]H (NC25H15) was studied on Cu(100) and Au(111) to determine the in-
fluence of replacing a C atom by a N atom in the helicene backbone. In addition, various studies exist 
on non-functionalized-helicenes on different metal surfaces7,67,111,113,115 but not so many about function-
alized-carbohelicenes118. (M)-5-amino[6]H have already been studied by H. Ascolani et al.118,119 on the 
same surface. The difference between an aza- or an amino-helicene is the position of the N atom (Figure 
23). In the first case, the N atom replaces a C atom and in the second case, a H atom is replaced by a 
NH2 group. Comparing the two molecules can therefore determine the impact on the intermolecular 
interactions of the presence of a N atom in the backbone or at the rim of a helicene. 
 
Figure 23: (M)-1-aza[6]H and (M)-5-amino[6]H 
 
3.1 On Cu(100)  
On Cu(100), single molecules and squares made of four molecules are observed at low coverage 
(Figure 24a). At higher coverage (0.5 ML < θ < 1 ML), the molecules are mostly disordered, but a few 
single and double rows of ordered molecules appear (Figure 24b). (M)-amino[6]H also formed squares 
at low coverage but duets and triplets were observed additionally118. Close to saturated coverage, the 
quadruplets completely cover the surface. At intermediate coverage (0.5 ML < θ < 0.9 ML), for both 




molecules, the formation of an ordered motif made of rows and double rows is observed. However, the 
composition of these rows cannot be compared because the resolution is not elevated enough in both 
cases. The formation of enantiopure squares was already observed for 0.95 ML coverage of enantiopure 
[7]H on Au(111)112 and for rac-[7]H on Cu(100)113 (paragraph III.1.3). In all the mentioned cases112,113,118, 
the molecules are interacting with their upper part oriented toward the center of the square. It seems to 
be the case here too (Figure 24a, inset) because the brighter part each molecule is in the center of each 
square.  
 
Figure 24: STM images of 1-aza[6]H on Cu(100) at different coverages. (a) At low coverage, the molecules are mostly 
isolated or arrange in squares made by four molecules. (b) At higher coverage (0.5 ML < θ < 0.9 ML), single row and 
double rows are observed among disordered molecules. (Measuring parameters: a: large image: 54.9 nm × 54.9 nm, 
–3.0 V, 30 pA; inset: 12.3 nm × 12.3 nm, –2.9 V, 25 pA, b: 87.9 nm × 87.9 nm, –2.9 V, 31 pA).  
 
The addition of a N atom in the molecular backbone or at the molecular rim does not have much 
influence on the self-assembly on Cu(100), which are still dictated by vdW attractive interactions between 
the upper C6 rings of the molecules. It should nevertheless be noted that for both 1-aza[6]H and 5-
amino[6]H, the nitrogen atom is placed on the external part of a square and does not prevent the regular 
intermolecular interactions already observed for rac-[7]H on Cu(100)113. To determine if there is any 
difference between the two molecules above 0.9 ML coverage, the assembly at full ML should be inves-
tigated.  
 
3.2 On Au(111)  
On Au(111), the aza[6]H occupy at first the herringbones (Figure 25a). Close to ML coverage, 
more triangles made of three molecules are observed (Figure 25b). The more the coverage increases, 
the more these triplets arrange into ordered domains (Figure 25c). The structures observed for aza[6]H 
on Au(111) are completely different than the ones observed for amino[6]H on Au(111) (paragraph 
III.1.3)118. This might be induced by different intermolecular interactions. Note that for enantiopure [7]H 




on Au(111), the triplets are also observed112. They appear at a coverage of 0.98 ML, where they coexist 
with quadruplets until 1 ML coverage. At 1 ML, only triplets fill the surface. It means that the replacement 
of one C atom by a N atom in the molecular backbone at the position 1 (Figure 23) does not have much 
influence on the small-range ordered structures formed by the molecules. Once again, it has to be taken 
into account that according to a model of a triplet made by J. Seibel et al.112, the molecules interact via 
their three upper-most C6 rings and the position of the N atom is far away from the upper most ring. 
The replacement of a H atom at the rim by an amino group has however a strong influence both on the 
small-range ordered building-block and on the self- assembly on the Au(111) despite his position. This 
difference is noticeable only on Au(111) and not on Cu(100) probably because the molecular interactions 
with the surface are weaker on gold and the intermolecular interactions have therefore more impact on 
the self-assembly. 
 
Figure 25: STM images of 1-aza[6]H on Au(111) just below ML coverage. The molecules aggregate first in the 
herringbones (a) and when the coverage is dense enough, they then form triangles made of three molecules (b). 
When the coverage increases, these triangles start to assemble into ordered domains (c). (Measuring parameters: a: 
44.5 nm × 44.5 nm, 4.6 V, 25 pA; b: 74.1 nm × 74.1 nm (large) and 9.3 nm × 9.3 nm (inset), 3.1 V, 30 pA; c: 92.9 nm 
× 92.9 nm, 3.1 V, 30 pA).  
 
3.3 Conclusion 
In conclusion, on both Cu(100) and Au(111), the short-range ordered structures formed by (M)-
1-aza[6]H and [7]H are similar. It suggests a small influence of the aza-moiety on the intermolecular 
interactions on both surfaces. Note that this result might be different if the N atom would be placed 
somewhere else on the molecular backbone. It would be for example interesting to place a N atom in 
the upper-most C6 ring of an aza[6]H to verify if it has a stronger impact on the intermolecular interac-
tions.  
 




5-amino[6]H forms the same structures as 1-aza-[6]H and [7]H on Cu(100). However on Au(111), 
the replacement of a H atom at the rim by an amino group has, despite his position at the outer side of 
the molecule, a big impact on the small-range and large-range ordered structures’ formation. This dif-
ference, observed on Au(111) and not on Cu(100), is probably induced by different intermolecular inter-
actions due to the amino groups, which have more impact on gold due to the weaker surface-molecules 
interactions. 
 
Note that pentahelicene can be only obtained as a racemate due to its low racemization barrier 
but it is not the case for hexahelicene. It makes them suitable candidate for a mixing experiment with 
racemic aza[6]H. Mixing experiments are promising because it gives insights into the chiral intermolec-
ular recognition process and it involves cooperative effects. A chiral modifier can indeed involve a kind 
of "sergeant-and-soldiers" or "majority rule" effect on the surface149,150 and induce homochirality for 
example. 
  
III.4. On-surface Ullmann coupling of Br-helicenes: 
bishelicenes formation 
In 2010, the Nobel Prize in Chemistry was awarded to Richard F. Heck, Ei-ichi Negishi and Akira 
Suzuki for palladium-catalyzed cross couplings in organic synthesis151. The principle of a transition 
metal-catalyzed cross-coupling reaction is the following: two molecules which are going to be coupled, 
attach to the metal catalyst via metal-carbon bonds (intermediate state). In a further step, they couple 
to one another by forming a carbon-carbon single bond152. The discovery of cross-couplings reactions 
between a nucleophilic compound (organometallic species for example) and an electrophilic organohal-
ide (organic compound with a halogen atom bonded to a carbon atom) is of paramount importance 
because it is a new way of constructing molecules for chemists, by providing an efficient method for the 
formation of carbon-carbon bonds153. This led to the discovery of new cross-coupling reactions gener-
ating other bonds154 (e.g. C-N,C-O,C-S, etc.)xxi. These reactions work with various catalysts such as Pd153, 
Ni153 or Cu155. Variations are based on the identity of the two reactants (which can be identical or not) 
and on the metal catalyst used. 
 
                                                     
xxi The interested reader can learn more about the history of this discovery in ref. 154. 




Many decades after this discovery in solution, cross couplings are nowadays studied with success 
on surface because they can allow the bottom-up formation of tailor-made covalently bonded molecular 
networks156,157 and subsequent functionalization of the surface, e.g. spintronics158. The covalent linking 
of two aryls via copper-catalyzed reaction is called Ullmann coupling. It was first shown to be successful 
on copper by Bent et al.10,11 in the 90s and was then extended on various metal surfaces29,159–161. 
 
As surfaces provide an up–down asymmetry excluding certain symmetry elements such as cen-
ters of inversion, they might induce stereochemical effects during chemical reactions on chiral molecules. 
This hypothesis will be tested on the Ullmann-coupling of bromo-terminated carbohelicenes, which be-
long to both organohalides and aromatic hydrocarbons families. They are good candidates for Ullmann 
coupling reactions due to their relatively weak Br-C bond. To the best of our knowledge, Ullmann cou-
pling was not yet performed on chiral molecules and will be presented for the first time in this work on 
different surfaces and with different molecules.  
 
We therefore present the study of 9-Br[7]H on Au(111) and on Cu(111) and the study of 2-Br[4]H 
on Cu(100). These systems were chosen for multiple reasons. Firstly, the comparison between Br[7]H and 
Br[4]H can give information on the impact of three additional benzene rings on the coupling and on the 
possible induced stereochemical effects, e.g. different interplanar angles, inversion temperatures, inter-
molecular interactions. Secondly, the self-assembly of the on-surface reaction product, bis[7]H(surf), can 
be compared to the self-assembly of bis[7]H(sol) obtained by C-C coupling in solution. Finally, it is in-
teresting to determine the influence of the metal catalyst (gold or copper) on the final and intermediate 
products of the coupling. Au(111), Cu(111), Cu(100) facets were chosen because it was already demon-
strated in numerous studies, both theoretically162 and experimentally160,163, that these metals trigger the 
dehalogenation of hydrocarbons by lowering the energy barriers of the reaction and therefore decreas-
ing the temperature at which it usually occurs. Au and Cu are some of the most studied substrates for 
on-surface Ullmann coupling164. It is already known that the first step of the reaction, namely dehalo-
genation, occurs below RT on Cu, leading to the formation of organometallic intermediate states 
(IS)157,165,166. On Au, dehalogenation occurs only at higher temperatures (above 393 K167,168) but the co-
valently linked structure is, in this case, directly obtained. No IS are observed except for a few excep-
tions169, e.g. 168,170. On Cu, extra-annealing is required to transform the organometallic IS into the final 
covalently bonded product157,164,166.  
 




4.1 Diastereoselective coupling of helicenes: bromotetrahelicene 
on Cu(100) 
The Ullmann-coupling of racemic 2-bromotetrahelicene (BrC18H11, rac-2-Br[4]H) on Cu(100) was 
investigatedxxii. The mechanism is presented in the Figure 26. 1.5 ML of Br[4]H was deposited on the 
Cu(100) surface cooled at 110 K. Annealing between 183 and 228 K leads to debromination as observed 
with XPS50. Further annealing to 463 K leads to Ullmann coupling and to the formation of 2,2'-bis[4]heli-
cene (bis[4]H) as displayed in Figure 27 (STM images from the Specs Aarhus 150 STM, acquired at RT by 
Dr. J. Li and Dr. C. Wäckerlin). 
 
Figure 26: Scheme showing the Ullmann-coupling mechanism between two 2-Br[4]H. P and M enantiomers are 
depicted with a red and blue arrow respectively. The arrows go from the uppermost to the lowest rings of the 
helicenes. Six possible bis[7]H can be produced. Only the three trans-products of the coupling are presented here 
(from top to bottom: trans-(M,M)-2,2'-bis[4]H, trans-(M,P)-2,2'-bis[4]H and trans-(P,P)-2,2'-bis[4]H) but homochiral 
and heterochiral cis-configurations could perhaps be produced during the coupling. 
 
 
Figure 27: (a, b) STM images (a: 26.4 nm × 26.4 nm, 1.2 V, 30 pA; 8.8 nm × 8.8 nm, 1.8 V, 30 pA) obtained after 
annealing of Br[4]H on Cu(100) at 463 K. (a) Mirror domains made of lines of self-assembled bis[4]H : with recurrent 
Z motifs (red) or S motifs (blue). (b) Domains with the S motifs are made of trans-(M,M)-bis[4]H (see Figure 26) as 
confirmed by comparing the STM contrasts with the models (c). A blue arrow goes from a bright protrusion, corre-
sponding to the uppermost part of a molecule, and follows the helix down. (c) Electron density maps of the frontier 
orbitals (levels 84-86 Ext. Hückel, LUMO, LUMO+3) for trans-(M,P)-2,2'-bis[4]H, trans-(M,M)-2,2'-bis[4]H and trans-
(P,P)-2,2'-bis[4]H (from left to right) and their corresponding models. 
 
The coupling produces two kinds of mirror domains (Figure 27a), which both have four rotational 
domains induced by the four-fold symmetry of Cu(100). Each domain is made exclusively of identical 
                                                     
xxii Most of the results presented in this paragraph were published in ref.50. 




trans-building blocks with a Z- or S-motif. The absence of cis-molecules is probably due to the too 
strong steric repulsion that a molecule would feel between its terminal parts in a cis configuration. EHT 
models of the cis-bis[4]H and organometallic intermediates are given in Figure A. 12 in the appendix for 
comparison. Electron density maps of the three possible trans-bis[4]H products (presented in Figure 26) 
are displayed in the Figure 27 c. Among the three models, the trans-(M,M)-bis[4]H contrast corresponds 
perfectly to the molecular contrast of a S-motif (Figure 27b). The mirror domain with the Z-motifs, is 
therefore made of trans-(P,P)-bis[4]H (enantiomer of the trans-(M,M)-bis[4]H). No heterochiral dimers 
are formed: the surface induces diastereoselectivity.  
 
Ullmann-coupling on Cu occurs via the formation of an organometallic intermediate bonded to 
a Cu adatom. Therefore, the bonding site, where the Cu is, stays close to the surface and the uppermost 
part of the molecule (at the opposite end of the Br atom) naturally spirals away. If the Ullmann-coupling 
is as random and efficient on-surface as in solution, the following ratio is expected: ¼ of (P,P)-bis[7]H, 
¼ of (M,M)-bis[7]H and ½ of (P,M)-bis[7]H. However, when the C-C bond is finally formed, at higher 
temperature, the two helical parts of the molecule can easily invert due to the low inversion barrier of 
the [4]H (about 4 kcal/mol based on theoretical calculations97). Consequently, the homochiral configu-
ration observed with the STM could eventually be formed during the cooling to room temperature. In 
other words, the stereoselectivity would be induced after the Ullmann coupling to form the most stable 
configuration on surface and avoid steric overcrowding. This will be tested in the paragraph III.4.2.3 by 
performing Ullmann-coupling on larger helicenes which have a higher inversion barrier such as Br[7]96. 
 
 
Figure 28: (a) STM image (a: 30 nm × 30nm, 1.2 V, 30 pA) obtained after annealing of Br[4]H on Cu(100) at 463 K. 
Ordered areas made of trans-homochiral-bis[4]H-(b, black arrow) as well as disordered areas are visible. Longer 
trans- (b, red arrow) and cis- (c, green arrow) species are often observed. Their corresponding organometallic mod-
els (levels 90-92 Ext. Hückel: LUMO- LUMO+3) are displayed in (d) and (e) respectively. 
 
In addition to the ordered areas presented in Figure 27, about 40% of the surface is covered 
with disordered areas (Figure 28). Among the molecules that could be identified, a large fraction appears 




as trans-homochiral-bis[4]H. A significant portion of longer dimers in cis and trans configurations are 
also observed. The molecular lengths were measured at half-height intensity on images having stable 
and identical imaging conditions. The apparent length of trans-(M,M)- and trans-(P,P)-bis[4]H observed 
in the self-assembly is 14.6 ± 0.4 Å. The lengths of the longer trans (Figure 28b, red arrow) and cis 
molecules (Figure 28c, green arrow) are 17.0 ±0.3 Å and 16.2 ±0.4 Å respectively. These lengths were 
compared with the lengths of molecules optimized with AMBER force-field simulations (Table 4). The 
difference between the regular trans-(M,M)-bis[4]H (Figure 28b, black arrow) and the longer trans-spe-
cies (shown in Figure 28b, c) corresponds to the difference which was calculated between trans-bis[4]H 
with and without Cu. In addition, the long cis species were observed with STM to be longer than the 
regular trans-bis[4]H whereas the calculated cis-bis[4]H is shorter than the regular trans-bis[4]H. It means 
that the long cis-species do not correspond to cis-bis[4]H. The long cis- and trans-species are therefore 
organometallic. The extended Hückel models for the cis- and trans-organometallic species are displayed 
in Figure 28 as a confirmation. Their contrasts correspond to the STM images. 
 
Organic species Length (Å) Organometallic species Length (Å) 
trans-(M,M) 13.7 trans-(M,M)-Cu-dimer 15.8 
trans-(M,P) 13.7 trans-(M,P)-Cu-dimer 15.7 
cis-(M,M) 11.4 cis-(M,M)-Cu-dimer 13.6 
cis-(M,P) 11.3 cis-(M,P)-Cu-dimer 13.7 
Table 4: Comparison between the theoretical (molecular mechanics) lengths of organometallic and organic bis[4]H 
that could be formed during Ullmann-coupling. The length measured between the two opposite C atoms on the 
longest direction of a molecule. 
 
In conclusion, bis[4]H was successfully synthetized on Cu(100) via on-surface Ullmann-reaction 
of rac-Br[4]H. The formation of disordered areas with organometallic intermediates was also observed 
as often reported in the literature166. Diastereoselectivity was observed in the coupling’s products. It is 
not clear whether this specificity occurs during or after the coupling due to the low inversion barrier of 
the molecules. It will be tested with longer helicenes having larger inversion barrier. 
 
4.2 On-surface coupling of Br-heptahelicene 
4.2.1 Self-assembly of rac-bis[7]H (sol) 
Bisheptahelicene (bis[7]H, C60H34) was studied with STM at 50 K on Cu(111) and Au(111). On 
copper, an extra annealing at 383 K was required to help the molecules to diffuse and self-assemble. 
The powder of bis[7]H was synthetized in solution (prior to sublimation on the surface) using a mixture 
of rac-9-bromoheptahelicene. The coupling reaction resulted in a mixture of the chiral (P,P)-and (M,M)-




9,9’-bisheptahelicene and of the meso isomer (M,P)-9,9’-bisheptahelicene. As the Negishi coupling be-
tween two bromoheptahelicene is random and efficient, the following ratio is expected: ¼ of (P,P)-
bis[7]H, ¼ of (M,M)-bis[7]H and ½ of (P,M)-bis[7]H and was confirmed by NMR.  
 
The study of rac-bis[7]H was performed on both Au(111) and Cu(111) to analyze the self-assem-
bly differences on those surfaces. In addition, they serve as reference for comparison with the bis[7]H 
formed vis on-surface Ullmann coupling of Br[7]H which will be reported later in paragraphs III.4.2.2 and 
III.4.2.3. In order to determine the handedness of the bis[7]H on the STM images, the molecules were 
modeled using MM and EHT. The associated electron density maps of the frontiers orbitals (electron 
density cutoff: 0.0004 e/Å3) for all possible bis[7]H configurations, are presented in Figure A. 4. They were 
chosen depending on the polarity of the bias voltage in the corresponding STM imagexxiii.  
 
a. Self-assembly on Cu(111) 
The STM images on Cu(111) were acquired by Dr. M. Parschau. The STM measurements show the 
presence of two distinct structures coexisting on surface (Figure 29).  
 
Figure 29: Large scale STM image (200 nm×200 nm, 29 pA, 1.58 V) of bis7[H]on Cu(111) below monolayer (ML) 
coverage. Rotational and mirror domains of two different structures are observed. One has a zigzag motif (blue 
domains) and the other is made of parallelograms (black domains). Large images (50nm×50nm) integrally covered 
with these structures are displayed in the insets: (a) zigzag structure (20 pA, 2.14 V), (b) parallelogram structure (21 
pA, 2. 18 V). Non-ordered areas are also observed: the too high molecular mobility and the too small coverage 
prevent the formation of ordered structures.  
 
                                                     
xxiii For instance, applying a positive bias on the sample with respect to the tip implies that the unoccupied states 
of the sample close to the Fermi level (LUMO) contribute the most to the STM image’s contrasts. 




Zigzag structure  
The first structure has a zigzag shape (Figure 30). Its unit cell (master matrix: (8,1;2,14))xxiv, is 
made of two molecules which are rotated by 90° with respect to each other. The contrasts of the mole-
cules in the Figure 30 allow to identify this structure as a racemate made of a succession of (M,M)-bis[7]H 
and (P,P)-bis[7]H. Both (M,M)-9,9'-bis[7]Hxxv (resp. (P,P)-9,9'-bis[7]H) and (M,M)-10,10'-bis[7]H (resp. 
(P,P)-10,10'-bis[7]H) contrasts could correspond to the STM contrasts (see EHT models in the Figure A. 
4 in the appendix). Molecular mechanics calculations suggest that the 9,9' configuration is the most 
energetically favorable. It is therefore the one used for the models. Rotational and mirror domains are 
presented in the Figure A. 11. 
 
The three-lobes contrast observed for each of the two identical parts of a (M,M)-bis[7]H (resp. 
(P,P)-bis[7]H) corresponds to the contrast observed in the literature for the self-assembly of (M)-[7]H 
(resp. (P)-[7]H)115. A closer look at the Figure 30 reveals the presence of an additional lobe at each ex-
tremity of the (M,M)-bis[7]H (see the white squares). This lobe does not correspond to atoms in a bis[7]H. 
It can be excluded by comparing the lengths of the molecule with and without this fourth lobe with the 
theoretical length of a (M,M)-bis[7]H (Table 5). Moreover, with only three lobes, both (P,P)-and (M,M)-
bishelicenes show approximately the same length on the STM pictures (about 1.7 nm). The extra lobe 
might therefore be due to an adatom or to electron transfer between the molecules. 
 
Figure 30: STM image (16.8 nm × 16.8 nm, 1.93 V, 31 pA) showing the zigzag structure made of a succession of 
rows built with molecules having the same orientation. One row is made of molecules which are rotated by 90° with 
respect to the adjacent row. On the top right corner, another STM image (6.5 nm × 6.5 nm, 2.09 V, 91 pA, rotational 
domain of the left image) allows to determine the handedness of the bis[7]H. Each molecule (for example in the red 
                                                     
xxiv Matrix notation as defined by L. Merz et al. in ref. 141. 
xxv The notation 9,9' refers to the position of the C-C bond between the two de-brominated [7]H parts of a bis[7]H. 
It is defined by counting the H atoms until the C-C bond, along the helical backbone, from top to bottom. On sur-
face, a (M,M)-9,10'-bis[7]H means that a C-C bond is formed between the 9th position of one [7]H and the 10th po-
sition of the other [7]H part of a bis[7]H.  




or blue rectangle) is made of two identical parts with three lobes, rotated by 180°. They are therefore homochiral. 
By following the lobes on one side of the molecule, from the darkest to the brightest, one can see that the molecules 
in the red and blue rectangles have an opposite handedness ((P,P) and (M,M) respectively). This structure is therefore 
a racemate made of homochiral [7]H-dimers. In between each (P,P) and (M,M)-9,9’-bis[7]H, there is always a round 
lobe (white squares). The EHT models (states 138-142 Ext. Hückel, LUMO to LUMO+4) are displayed in the bottom 
right corner and their contrasts are compared to the ones in the STM images using red and blue circles for the (P,P) 
and (M,M)-9,9’-bis[7]H respectively. These models were arranged based on the contrasts observed in the STM im-
ages. 
 
The substrate used in this experiment is Cu(111) which has a 2D gas of copper adatoms on its 
surface. These adatoms come from the kinks and their density therefore depends on their detachment-
attachment rate to the kinks (influenced by the temperature), on the number of kinks on the surface, on 
the energy barrier of detachment and on the diffusion171. The molecules were evaporated on a Cu(111) 
surface at RT which was annealed to 383 K to help the assembly formation. Adatoms are present in the 
surface at these two temperatures. Nevertheless, according to the literature, the formation of organo-
metallic compounds is very unlikely at this temperature because the dehydrogenation temperature of 
organic compounds is higher than 383 K on copper. The dehydrogenation of the hydrogen at the pe-
riphery of pyrphirin occurs for instance at only 523 K on Cu(111)172. The dehydrogenation temperature 
depends on the molecular conformation, i.e. the respective position of the hydrogen with respect to 
each other or to the surface. Note that when the conformation of the C-H bond is non-sterically favor-
able, partial dehydrogenation can be observed at lower temperature than expected for complete dehy-
drogenation. It is the case for tetraphenylporphyrin on Cu(111) where partial dehydrogenation (from 
two adjacent hydrogen leading to the formation of a C-C bond) occurs at 543 K and the complete de-
hydrogenation occurs at 693 K173,174. It occurs partially around 473 K for a type of cyclic polyphenylene 
called cyclohexa-o-p-o-p-o-p-phenylene175 with non-sterically favorable hydrogen atoms. However, the 
reported temperatures for partial dehydrogenation are still higher than the 383 K used for annealing in 
the present study. The extra lobe might therefore be due to an electronic effect in the substrate. 
 
 
Experimental Length (Å) Theoretical Length (Å) 
 
(M,M)-bis[7]H  18.5 18.3 
 
28.9 (four lobes)  
(P,P)-bis[7]H  16.8 18.7 
Table 5: Comparison between the experimental and theoretical (molecular mechanics) of the molecules. For the 
experimental values, the length is measured along the long axis of the molecule, i.e. in the parallel direction to the 
long axis of the blue or red rectangle in the Figure 30. For the (M,M)-bis[7]H, the 'four lobes' value corresponds to 
the length when the extra lobe (see white squares in Figure 30) is included. The theoretical lengths are measured 
along the longest axis of the molecules between the two most outer hydrogen (highlighted in red on the (M,M)-
bis[7]H model on the right side of the table). 
 





Figure 31: (a) Superposition of the molecular model (b) and an STM image (16.8 nm × 16.8 nm, 1.93 V, 31 pA) of 
the zigzag structure. (b) Molecular model (matrix notation: 7, –1; 5, 15), manually made based on the STM images 
of the surface, of the self-assembled (M,M)-and (P,P)-bis[7]H and on the best optimized configuration of a homo-
bis[7]H on Cu(111). (c, d) Minimum energy configuration of a (P,P)-bis[7]H (c) and (M,M)-bis[7]H (d) calculated with 
molecular mechanics (AMBER-force field). The optimized configuration are in both cases computed on 9,9'-bis[7]H 
over 420 initial conditions (different x, y, z positions and angle of the molecule with respect to the surface). The 
calculations were performed under periodic boundary conditions, on a four-layers Cu(111) slab. The molecule could 
relax unconstrained on the surface. 
 
A model of the structure (Figure 31) was realized based on the unit cell of the zigzag structure, 
the Cu(111) orientation (Figure A. 6) and the adsorption footprint of the lowest-energy homochiral 
bis[7]H computed with MM. The model is in good agreement with the STM images. Two features are 
noticeable. Firstly, there is a difference in brightness (Figure 31 a) between the lines of molecules with 
opposite handedness. Secondly, there is a quite large distance between two consecutive zigzag rows. 
The presence of an adatom discussed previously is unlikely: the self-assembly of bis[7]H on Au(111) at 
room temperature, without annealing, also displays the same features ( 
 and Figure 41). A possible explanation for these two features could be a mismatch between the 
substrate and the assembly (Figure A. 8) or by dipole-dipole interactions which depend strongly on the 
orientation of the dipoles with respect to each other 176. The dipole moment for [5]H was for example 
calculated with DFT to be 4.5 D for a single molecule and 7.3 D for a dimer (paragraph III.2.1). The dipole 
moment for a single bis[7]H might be even higher and dipolar interactions could therefore rule out CH-
CH or CH-π intermolecular interactions as was already observed in ref.177.  
 
Mirror domains of the zigzag structure are observed in the Figure 32 and in a larger scale in 
Figure A. 10. Due to the C2 symmetry of the structure associated to the C6 symmetry of the surface, three 
rotational domains for each mirror domain are present on the surface. 
 





Figure 32: (a, b) Mirror domains of the zigzag structure (top: 20 nm × 20 nm, 2.14 V, 20 pA; bottom: 20 nm × 20 
nm, 1.98 V, 34 pA). The unit cells are highlighted in black. (c) Rotational domains of the zigzag structure observed 
below monolayer coverage (100 nm × 100 nm, 2.14 V, 24 pA).  
 
 Parallelogram structure 
In order to determine the composition of a parallelogram which is the building block of the 
second long-range ordered structure, a few molecules were evaporated on the surface at 40 K. Unfor-
tunately, only single molecules were observed. After annealing at RT, clusters made of two molecules 
(parallelograms with a C2 symmetry, Figure 33b, c) and three molecules (C3 symmetry, Figure 33d, e) 
formed. Lateral manipulationxxvi was carried out on a parallelogram. It resulted in the separation of this 
structure into two molecules (Figure 34). Both molecules are identical but rotated by 180° with respect 
to each other in the parallelogram motif. Each molecule is made of two lobes with non-symmetric con-
trasts which are only observed for heterochiral bis[7]H as shown with EHT simulations (Figure A. 4). 
 
 
Figure 33: (a) STM image (137 nm × 137 nm, 1.29 V, 59 pA) showing a large area of Cu(111) with decorated steps 
and clusters of bis[7]H. (b) (12.5 nm × 5.4 nm, 1.29 V, 59 pA) and (d) (16 nm × 8.7 nm, 1.51 V, 64 pA) show respectively 
the clusters made of four and six lobes. In both cases, brighter and darker lobes can be distinguished: blue and red 
                                                     
xxvi The tip was placed on top of one of the molecules (starting point) and brought really close to the surface. 
Constant tunneling current and bias voltage were maintained in order to laterally move the molecule away from the 
other molecules. 




circles are used to identify them in the images (c) and (e). Blue arrows follow the lobes of the clusters arranged in 
both clockwise and anticlockwise directions. Single molecules imaging and manipulation were performed by Dr. J. 




Figure 34: STM images showing the lateral manipulation of the molecules in a parallelogram (a-c and d-e). Red 
arrows indicate the initial position and movement direction of the tip during the manipulation. (Measuring param-
eters: a: 4.6 nm × 3.9 nm, b: 5.2 nm × 3.4 nm, c: 7.1 nm × 3.6 nm, d: 5.3 nm × 3.9 nm, e: 78.6 nm × 3.7 nm, 1.51 V, 
220 pA. Single molecules manipulation was performed by Dr. J. Seibel on a home-built, LT-STM at 10 K. 
 
Observation of the self-assembly and EHT simulations confirm the heterochiral identification 
(Figure 35). Each parallelogram in an ordered domain is composed of two (M,P)-bis[7]H rotated by 180° 
with respect to each other. (P,M) and (M,P)-bis[7]H are arranged into distinct mirror domains. Other EHT 
trials are presented in the appendix (Figure A. 5). The master-matrix characterizing the structure is (7,–1; 
5,9). 
 
Figure 35: Top: STM images (20 nm × 20 nm) of mirror domains of the parallelogram structure: (a: 1.78 V, 29 pA; b: 
1.85 V, 25 pA). Bottom-left: Electron density maps (states 138-142 Ext. Hückel, LUMO to LUMO+4) of (P,M)-9,9’-
bis[7]H (blue rectangle) and (M,P)-9,9’-bis[7]H (yellow rectangle) which are the building blocks of the parallelograms 
in (a) and (b) respectively. Bottom-right: the STM simulations of two (M,P)-9,9’-bis[7]H were assembled together. 
The contrasts of this simulated parallelogram correspond to the contrasts of a parallelogram in the inset in the 
bottom right corner (4 nm × 4 nm, 1.85 V, 25 pA, zoom of b). A superposition of the models with a STM image is 
also presented in Figure A. 9 in the appendix. 
 





Figure 36: (a) Superposition of the molecular model (b) on a STM image (10 nm × 10 nm, 1.78 V, 29 pA) of the 
parallelogram structure. (b) Molecular model made based on the STM images of the surface, of the self-assembled 
(P,M)-bis[7]H and on the force-field calculations. (c) Minimum-energy heterochiral dimer obtained with Amber-force 
field geometry optimization calculation. The molecules could relax freely on the surface.  
 
AMBER force-field calculations were performed on heterochiral bis[7]H. (P,M)-9,9'-bis[7]H (Fig-
ure A. 12) is the most favored configuration once adsorbed on the surface. The minimum-energy dimer 
made of two heterochiral bis[7]H is displayed in Figure 36c. A model of the parallelogram structure 
(Figure 36b) was realized based on the unit cell of the motif, on the Cu(111) orientation (Figure A. 6) and 
on the minimum energy dimer (Figure 36c). It corresponds to the STM observations (Figure 36a).  
 
For each mirror domain, three rotational domains are observed (Figure 37). This can be explained 
by symmetry arguments. The top layer of the Cu(111) substrate has a C6 symmetry which would usually 
lead to the presence of six rotational domains. However, the C2 symmetry of the parallelogram structure 
leads to only three pairs of indistinguishable rotational domains. 
 
 
Figure 37: A large scale STM image (60 nm × 60 nm, 2.093 V, 20 nA) presents two mirror domains of the parallelo-
gram structure. Rotational domains (10nm×10nm) of the domain on top are displayed in (1) (a: 1.779 V, 29 pA; b: 
2.093 V, 23 pA; c: 1.71 V, 29 pA) and rotational domains of the domain at the bottom of the large scale STM image 




are displayed in (2) (a: 1.85 V, 25 pA; b: 2.09 V, 29 pA; c: 2.18 V, 32 pA) respectively. The unit cells of the structures 
1a and 2a are highlighted in black. 
 
Additional information  
The area per molecule for every structure is given in the Table 7. The zigzag structure which is a 
racemate made of homochiral molecules is less dense than the parallelogram structure made of heter-
ochiral bis[7]H.  
 
 Nbr. of molec. /unit cell Nbr. of atoms /unit cell Area/molec. 
Parallelogram 2 68 191.5 Å2 
Zigzag 2 110 309.7 Å2 
Table 6: parameters of the motifs observed in the self-assembly of bis[7]H on Cu(111) 
 
b. Self-assembly on Au(111) 
Unlike for Cu(111), the mobility of the molecules at room temperature was high enough on gold 
to self-assemble without the need of any extra annealing. The rac-9,9’-bis[7]H adsorb and diffuse at first 
to the terraces' edges of the gold sample (Figure 38a). Then, the molecules sit on the herringbone pat-
tern (Figure 38b, c). When the coverage is high enough, ordered domains appear (Figure 38d). Two 
distinct structures are visible (Figure 39): one with a zigzag pattern and one with a parallelogram pattern. 
 
Figure 38: STM images (a: 300 nm × 300nm, 30 pA, –3.0 V, b: 199.2 nm × 199.2 nm, 31 pA, 3.4 V, c: 199.2 nm × 
199.2 nm, 30 pA, –3.8 V, d: 65.5 nm × 65.5 nm, 30 pA, –3.6 V) of rac-bis[7]H on Au(111) as a function of the coverage 
θ. (a) θ = 0.04 ML : The molecules sit mainly on the edges of the gold terraces and form few clusters on the surface. 




(b, c) θ = 0.13 and 0.44 of ML respectively: The molecules sit on the herringbone reconstruction of the Au(111) 
surface. (d) θ = 0.82 ML: Large ordered domains and a few non-ordered areas are observed. 
 
 
Figure 39: STM images of the two structures formed by rac-bis[7]H on Au(111) (a) On top, two rotational domains 
of the zigzag structure are observed. A domain of the parallelogram structure is in the bottom-right corner. (b) Every 
parallelogram has a four-lobes contrast. The zigzag structure is made of successive rows of molecules with two 
different orientations. Each of them has two bright protrusions. (a: 121 nm × 121 nm, 29 pA, 3.0 V, b: 65.5 nm × 65.5 
nm, 30 pA, –3.5 V) 
 
Zigzag structure 
The zigzag structure is made of molecules rotated by 90° with respect to each other (Figure 40, 
Figure 41). Some of the molecules appear brighter (Figure 40b) and three rotational domains and their 
associated mirror domains are observed. The zigzag structure is a racemate made of a succession of 
rows of homochiral dimes with alternating handedness (Figure 41), identical to one of the two structures 
observed on Cu(111).  
 
Figure 40: STM images (a: 121 nm × 121 nm, 30 pA, 3.4 V; b: 52.7 nm × 52.7 nm, 30 pA, 3.5 V; c: 35 nm × 35 nm, 
30 pA, –3.9 V, d: 25.4 nm × 25.4 nm, 28 pA, 3.3 V) of the zigzag structure. (b) and (d) are rotational domains of (a) 
rotated by by 60° and 120° counter clockwise respectively. (b) and (c) are mirror domains.  





Figure 41: STM image (13.7 nm ×13.7 nm, 63 pA, 3.2 V) of the zigzag structure formed by rac-bis[7]H on Au(111). 
The structure is made of line of homochiral molecules with alternating handedness: (P,P) (red) and (M,M) (blue). The 
bright off-centered protrusions highlighted with colored circles correspond to the two uppermost parts of a bisheli-
cene. The arrows follow the direction of the helices down. 
 
Parallelogram structure 
The second structure is made of parallelograms which arrange in three rotational domains. Mir-
ror domains are also observed (Figure 42). The parallelograms (Figure 43) have identical contrasts than 
the ones observed on Cu(111) (Figure 35). Each of them is made of two (P,M)-bis[7]H rotated by 180° 
with respect to each other. 
 
 
Figure 42: STM images (a: 42 nm × 42 nm, 52 pA, 3.2 V, b: 33.4 nm × 33.4 nm, 52 pA, 2.9 V) of the parallelogram 
structure. (a) Two mirror domains are observed. The domain on the left is a rotational domain of (b), rotated by 60° 
in the clockwise direction.  





Figure 43: STM image (27 nm × 27 nm, 52 pA, 2.9 V) of the parallelogram structure formed by rac-bis[7]H on 
Au(111) made of two (M,P)-bis[7]H rotated by 180° with respect to each other. Inset: electron density maps (states 
138-142 Ext. Hückel, LUMO to LUMO+4) of two (M,P)-9,9’-bis[7]H (calculated separately) corresponding to a paral-
lelogram unit on the STM image. 
 
Additional remarks  
Note that for both structures, a pattern, the usual herringbone reconstruction of the top most 
Au layer is visible (Figure 38d, Figure 40, Figure 42b). It means that the standard reconstruction of the 
surface is unmodified by the molecules-substrate interactions, implying that the large distance observed 
between two consecutive zigzag rows and discussed in detail previously is probably not due to a surface 




The self-assembled structures formed on both Cu(111) and Au(111) by rac-bis[7]H are identi-
cal. The first structure is patterned by zigzag rows made of homochiral bis[7]H with alternating handed-
ness. The second is made of parallelograms, each made of two heterochiral bis[7]H. On Au (111), the 
typical herringbone reconstruction of the top most layer, is observed for both structures. This standard 
reconstruction of the surface is unmodified by the molecules-substrate interactions, which are only weak 
van der Waals interactions178. The only notable difference between the two metallic templates is the 
need of annealing at 383 K on copper to help the molecules diffuse and self-assemble whereas sponta-
neous self-assembly occurs already at RT on Au(111). The electronic structures of Au ([Xe]4f145d106s1) 
and Cu ([Ar]3d104s1) are similar. Both metals have a 4s electron outside their filled 3d shell in the ground 
state. Nevertheless, the 5d states are more extended than the 3d states making gold nobler than Cu179. 
In conclusion, the larger unit cell of Au(111) with respect to Cu(111), which implies a mismatch with the 
size of benzene rings of polycyclic aromatic hydrocarbons, has here no impact. 




4.2.2 Ullmann-coupling of rac-Br[7]H on Cu(111)  
Ullmann reaction of rac-9-Br[7]H was studied at 50 K on Cu(111) to understand the factors which 
could give rise to a surface-induced diastereoselectivity during the Ullmann coupling of rac-Br[4]H50, 
which has indeed only produced homochiral bis[4]H and no heterochiral (M,P) diastereomer. The low 
inversion barrier of Br[4]H (calculated to be about 4 kcal/mol for [4]H 97), allowing the molecules to 
racemize in order to adopt a more favorable configuration on surface, could be one reason for the 
diastereoselectivity. In the case of 9-Br[7]H, the inversion barrier is much higher (41.7 kcal/mol for [7]H 
at 300 K96) and the molecules are not able to invert at room temperature anymore. This study will de-
termine if a low inversion barrier is responsible for diastereoselectivity after Ullmann coupling or if this 
chiral bias is already induced on surface during the formation of the intermediate state [7]H--Cu-[7]H-. 
The self-assembly of the bis[7]H(surf) synthetized on surface and the self-assembly of the bis[7]H(sol) 
synthetized in solution prior to sublimation (paragraph III.4.2.1), will be compared. The self-assembly of 
bis[7]H(sol) on Cu(111) was made of two motifs. If those two structures are present identically in the self-
assembly of bis[7]H(surf), it would prove the absence of diastereoselectivity on surface whereas the ab-
sence/modification of certain structures would prove the opposite.  
 
Figure 44: XP spectrum revealing the C-Br bond breaking of rac-Br-9-[7]H on Cu(111) at room temperature. The 
background of the clean sample has been subtracted. The binding energy scale was calibrated based on the Cu 
2p3/2 peak (932.7eV). The spectra are offset for clarity. 
 
The Br3p XP spectra were recorded after deposition at two distinct coverages (Figure 44). In the 
high coverage spectrum (multilayer), the 3p3/2 and 3p1/2 peaks can both be decomposed into two com-
ponents:  
- The first component, which is also observed at ML coverage, has two maxima at 189.1 eV and 
182.3 eV for the 3p1/2 and 3p3/2 peaks respectively. It corresponds to the presence of Br-Cu 




bonds. Br-Cu bonds can only form subsequently to a scission of the Br-C bonds of the mole-
cules50.  
- The second component is found at higher energy (maxima at 184.5 eV for 3p3/2 and 191.3 eV for 
3p1/2) and corresponds to intact C-Br bonds50,180,181. The presence of the C-Br component sug-
gests that the molecules from the multilayer which are not in the first layer are still intact. Only 
the molecules in contact with the copper surface lose their Br atoms.  
The attentive reader can notice a small energy difference between the monolayer and multilayer cases 
for the first component's maxima. There is a slight shift of the Br-Cu (about 0.3 eV) component to lower 
energy with decreasing coverage. The little shift in the multilayer peaks was already reported and can 
be explained by core-hole screening by the substrate image charge182.  
 
The XPS data at room temperature proved that Br-C bonds break without desorption of the Br 
from the surface. This reaction is catalyzed by the copper surface because the molecules must be in 
contact with Cu for the scission to happen. The dehalogenation was reported to happen at about 180 K 
on copper with the bromine atom still present on surface50,181.  
 
The scission of the Br-C bond was the initial step of the Ullman coupling reaction. The Br-C 
bonds breaking is also known to happen already at room temperature on Cu and Ag, but requires an 
additional annealing at 393 K on Au164. This difference of mechanism depending on the metal surface is 
still not completely understood. Nevertheless, theoretical calculations162 could reveal a lower energy 
barrier for the dehalogenation of hydrocarbons on Cu and Ag compared with Au. 
 
The self-assembly of the dibrominated [7]H as function of the coverage is shown in Figure 45. 
Large domains with a zigzag pattern are observed (Figure 45a). The ordering (Figure 45a, b) is only 
observed for a non-saturated monolayer which allows molecular diffusion, a key factor for the self-as-
sembly formation. Adding more molecules (Figure 45c) to the surface destroys the assembly. It does not 
help filling the darker pockets observed in the 1st ML. The second layer starts to form on top instead 
(Figure 45d). XPS (Figure 44) proved that the bromine does not desorb from the copper surface at room 
temperature. Bromine atoms are therefore either in the observed dark pockets (Figure 45b, c, d) and/or 
between the helicenes molecules. Br limits the molecular diffusion on surface and prevents the self-
assembly.  





Figure 45: STM images of the self-assembly of rac-9-Br[7]H on Cu(111) depending on the evaporation time tevap . 
The expected debromination of the molecule has already happened as confirmed with XPS (Figure 44). (a) At low 
coverage, the [7]H- radicals form domains made of zigzag motifs (tevap= 4 min at 442 K, 31 pA, –3.1 V, 90 nm × 90 
nm). (b-d) Increasing the coverage (d) does not lead to a better ordering but rather to a disappearance of the well-
ordered domains and finally to the formation of a second layer. The dark holes visible on the surface (b, c) remain. 
They are probably filled with the Br atoms which do not desorb from the surface and prevent a better ordering of 
the molecules. (Measuring parameters: b: tevap= 7 min at 440 K, 28 pA, –2.8 V, 80 nm × 80 nm; c: tevap= 7 min at 441 
K, 28 pA, 2.7 V, 80 nm × 80 nm; d: tevap= 7 min 15 s at 441 K, 31 pA, –2.6 V, 80 nm × 80 nm) 
 
Dimers with two different orientations are the building blocks of the zigzag pattern (Figure 46). 
A dimer is an intermediate state which could be made of two [7]H- attached via a Cu adatom as observed 
in ref.166. The formation of organometallic IS on Cu(111) after dehalogenation is something currently 
mentioned in the literature159,166,183. The experimental length of the IS is 20.2 Å. It is an average value 
obtained by measuring thirteen intermediate compounds on five different STM images. By using AM-
BER-force field optimization, it is possible to find the lowest-energy configuration of a bis[7]H on surface 
and to measure its maximal length. The results are given in the Table 7. The experimentally measured 
length of the IS corresponds to the theoretical length of organometallic species. Because the lengths of 
trans-9,10’-(M,M)-Cu-dimer, cis-9,9’-(P,M)-Cu-dimer and cis-10,10’-(P,M)-Cu-dimer make them all be 
possible candidates, it is not possible to conclude on the formation of hetero- or homo-chiral organo-
metallic IS. 





Figure 46: (a) STM image (90 nm × 90 nm, 31 pA, –3.1 V) of the self-assembly of rac-9-Br[7]H on Cu(111) at low 
coverage. The expected debromination of the molecule has already happened as confirmed with XPS (Figure 44). 
The [7]H- radicals form dimers which are probably intercalated by a Cu adatom (C30H17-Cu-C30H17). (b) As examples, 
two molecular models of possible IS are presented: a trans-9,10’-(P,P)-Cu-dimer and a cis-9,9’-(P,M)-Cu-dimer. C, H 
and Cu atoms are respectively displayed in blue, white and green. For each model, the red arrow indicates the 
maximal length, reported in the Table 7. 
 
Organic species Length (Å) Organometallic species Length (Å) 
trans-9,10’-(M,M) 18.3 trans-9,10’-(M,M)-Cu-dimer 20.5 
trans-9,9’-(M,M) 18.6 trans-9,9’-(M,M)-Cu-dimer 21.1 
trans-10,10’-(M,M) 18.6 trans-10,10’-(M,M)-Cu-dimer 21.2 
cis-9,10’-(P,M) 18.1 cis-9,10’-(P,M)-Cu-dimer 20.9 
cis-10,10’-(P,M) 17.9 cis-10,10’-(P,M)-Cu-dimer 20.6 
cis-9,9’-(P,M) 17.6 cis-9,9’-(P,M)-Cu-dimer 20.5 
Average length of organic species 18.2 Average length of organometallic species 20.8 
Table 7: Comparison between the theoretical (molecular mechanics) lengths of organometallic and organic mole-
cules which could be formed during or after Ullmann coupling. The length is measured along the long axis of the 
molecule (see arrows on the molecular models in Figure 46).  
 
The dehalogenation is only the first step in the Ullmann coupling. To form the bis[7]H(surf), C-C 
linking requires an extra annealing on Cu 157,165,166. To determine the coupling temperature, the surface 
was annealed to a temperature which was increased step by step. Each step was maintained for 10 min. 
Between 449 and 458 K, a change in the assembly was observed (Figure 47a): the previous IS's zigzag 
assembly is not observed anymore and lines are formed. Between 469 K and 482 K, coupling occurs 
(Figure 47b, inset), giving rise to the formation of bis[7]H(surf). This range of temperatures is coherent 
with what is reported in the literature50,181,184. Unfortunately, no self-assembly could be observed. Br 




atoms are still intercalated between the molecules as shown in the Figure 47b. Self-assembly is pre-
vented by the presence of too many Br- atoms on the surface, limiting the diffusion of the molecules 
and the recombination rate162.  
 
 
Figure 47: STM images presenting different steps of the 9-Br[7]H Ullmann coupling on Cu(111) at various temper-
atures. (a) Well-ordered rows are observed (46 nm × 46 nm, 38 pA, 2.3 V, 449 K). (b) Bonded dimers are visible and 
Br atoms are intercalated between them: the last step of Ullmann-coupling was completed but no self-assembly is 
observed. The blue arrow in the inset indicate the length of a typical dimer (large image: 28.9 nm × 28.9 nm, 100 
pA, –1.0 V, 473 K; inset: 16.8 nm × 16.8 nm, 100 pA, 1.0 V, 482 K). (c) Chains of molecules are observed: polymeriza-
tion of the molecules are due to excessive annealing (46 nm × 46 nm, 38 pA, 2.3 V, 494 K). (d) Above 573 K, self-
assembly between fragments of bis[7]H is observed (37 nm × 37 nm, 30 pA, 1.9 V, 576 K). 
 
Further annealing (T > 493 K) only gives rise to polymerization due at least to dehydrogenation. 
Only high enough annealing (576 K), leads to the formation of ordered areas which might be a conse-
quence of the higher mobility of the Br atoms or of their desorption. At this range of temperatures, the 
molecules are already dehydrogenated and are probably further decomposed: the ordered components 
are made of fragments or recombination of the bis[7]H molecules. 
 
The post-Ullman-coupling self-assembly of bis[7]H(surf) is prevented by the presence of the Br 
adatoms on surface and/or by the limited molecular diffusivity on Cu. It makes it impossible to state on 
the species formed during the coupling reaction on surface. The comparison with the self-assembly of 
bis[7]H(sol) on Cu(111) is not possible. Consequently, the presence or absence of enantioselectivity on 
surface could not be demonstrated. To solve this question, molecules should have a sufficient mobility 
which depends on the metal surface and on the diffusion process (sliding, flipping, rotational motion…). 
A theoretical comparison of the diffusion mechanisms of a phenyl on the (111) facet of Ag, Cu and Au 
is presented in ref.162. The sliding diffusion barrier on Cu(111) is in this case twice higher than the one 
on Au and about 1.3 times higher than on Ag. The sliding mechanism (together with a rotational motion) 
seems to be the one preferred for larger organic molecules due to their stronger physisorption. Au is 
therefore a better candidate than Cu for the successful recombination step of the Ullmann coupling185. 
In addition, the presence of copper adatom on the flat surface can impact even more the self-assem-
bly186. These adatoms were already shown to form covalent bonds with the de-halogenated molecules 




and prevent the formation of a well ordered covalent network with only C-C bonds. Finally, the halogen 
species are more strongly bonded on Cu than on Au. Often, molecular desorption and/or decomposition 
occurs before reaching the elevated temperatures needed for halogen desorption on Cu164. For all these 
reasons, the formation of well-ordered self-assembled is more probable on gold.  
 
4.2.3 Self-assembly and Ullmann-coupling of rac-Br[7]H on Au(111)  
Because the Ullmann reaction of rac-9-Br[7]H on Cu(111) did not lead to a successful self-as-
sembly and did not allow any conclusion on the presence or absence of diastereomeric selectivity of the 
Ullmann coupling on surface, this reaction was investigated on Au(111). 
 
a) Self-assembly of rac-9-Br[7]H on Au(111) 
Racemic 9-bromoheptahelicene (BrC30H17, rac-Br-9-[7]H) was measured at 50 K. The molecules 
form self-assembled domains made of zigzag rows (Figure 48). These rows are oriented along the high-
symmetry directions of the gold sample. An additional pattern with lines of larger spacing than the 
molecular rows is also shown (Figure 48a). 
 
 
Figure 48: (a) Large scale STM image (219.2 nm × 219.2 nm, 28 pA, –2.8 V) of a ML of Br-9-[7]H on Au(111). The 
molecules form lines oriented along the high-symmetry axes of the substrate and arranged in rotational domains. 
The [110] direction of the Au substrate is indicated by the black arrow in the top left corner. (b) STM image (26.2 
nm × 26.2 nm, 23 pA, –2.8 V) of a domain showing that the lines are in fact zigzag rows. 
 
A closer look (Figure 49a) to the structures indicates that heterochiral dimers are the building 
blocks of these rows. On Au(111) at room temperature, the Br is expectedxxvii to still be attached to the 
                                                     
xxvii It is verified here by XPS (Figure 53). 




molecules157,166. The Figure 49b presents on top, the most favorable configuration of a single Br[7]H. It 
was calculated from 216 different initial configurations with MM (AMBER force field). It allows to con-
clude that each molecule adsorbs with a Br atom in a bridge position in between two Au surface atoms. 
The most-favorable configuration calculated for a heterochiral dimer is given in the Figure A. 13 in the 
appendix. It was used, together with the STM images, the Au(111) orientation and the Extended Hückel 
simulation of a 9-Br[7]H (Figure 49a), to model the self-assembled structure (Figure 49b).  
 
The geometry of the structure is similar to the one observed by Fasel et al. for [7]H7 on Cu(111) 
and by Seibel et al. 187 for [7]H on Ag(111) and Au(111). The rows are built by both enantiomers as 
observed on Cu(111) and Au(111), interacting via vdW interactions. It means that the replacement of the 
9th H atom by a Br atom on the heptahelicene backbone does not have an impact on the heterochiral 
interaction between helicenes. This makes sense because the Br atom is positioned on each molecule in 
a way which does not influence the intermolecular interaction observed previously 7. The matrix nota-
tion141 of this structure is (5,0; 2,8). The area per molecule is therefore 1.45 nm2/mol which is higher than 
the 1.04 nm2/mol found on Cu(111) and Ag(111)187. The length of a Br⋅⋅⋅Br non-bonded interaction is 
longer than Br⋅⋅⋅H interaction188,189. The distance between two Br[7]H is therefore expected to be larger 
than between two [7]H, increasing the areal density. It might explain why a long range ordering is ob-
served for Br-9-[7]H on Au(111) whereas [7]H on Au(111)187 forms somewhat less ordered domains of 
zigzag rows.  
 
 
Figure 49: (a) Top: STM image (9.3 nm × 9.3 nm, 23 pA, –2.8 V) of the zigzag rows formed by Br-9-[7]H on Au(111). 
Bottom, from left to right: EHT models of the LUMO (levels 73 to 76) and HOMO (levels 69 to 72) and ball model (H 
in white, C in blue, Br in yellow) of a single (M)-Br-9-[7]H. (b) Molecular model (bottom) of a zigzag domain based 
on the STM images and on the AMBER force field calculation of a single molecule (top). The uppermost terminal 
ring of each molecule is highlighted in dark blue or red for a (M)- or (P)-enantiomer respectively. 
 
b) Ullmann coupling of Br[7]H and self-assembly of bis[7]H(surf) on Au(111) 




Coupling and subsequent self-assembly: observations  
The Ullmann coupling on gold is reported to happen around 473 K183,190,191. Although the in-
crease of the annealing temperature was progressive, no intermediate compound was ever observed 
with the STM. It suggests that the lifetime of the IS is really short on Au166. After annealing the sample 
between 469 K and 486 K during 15 min, enough thermal energy was provided for Ullmann coupling to 
happen, creating bisheptahelicene (bis[7]H(surf)).  
 
Two different structures were observed (Figure 50): one with the same zigzag pattern as ob-
served for bis[7]H(sol) and one appearing in lines. The first one is made of homochiral molecules ((M,M) 
and (P,P)) with alternating handedness as described in the paragraph III.4.2.1. The structure with lines 
(Figure 51) is however different than the second structure with parallelogram motifs observed for 
bis[7]H(sol). A parallelogram unit was composed of two (M,P)-9,9’-bis[7]H rotated by 180°. In the struc-
ture with lines presented in Figure 51, a building block (black rectangle) appears to have, in both STM 
data and EHT simulation (inset), two bright protrusions exclusively on one half of the molecules. This 
non-symmetric contrast could also correspond to a (M,P)-9,9’-bis[7]H because the overall contrasts in 
model and experiment correspond quite well. Yet, a noticeable difference in the assembly with respect 
to the parallelogram structure is observed.  
 
Figure 50: STM images (a: 500 nm × 500 nm, 30 pA, 1.4 V, b: 99 × 99 nm, 30 pA, 1.4 V) of the two structures formed 
after Ullmann coupling of Br[7]H on Au(111), between 469 K and 486 K. (a) The surface is completely covered with 
two types of small domains appearing in different brightness. (b) The bright domains have a zigzag pattern and the 
darker ones are made of lines of molecules. 
 
  The first hypothesis to explain the difference in assembly is that the dissociated Br atoms are 
intercalated between the molecules. To verify this hypothesis, the sample was annealed to a higher tem-
perature. Annealing at 581 K (Figure 52) led to a pronounced reduction of the coverage (naked surface 
patches are observed) and only a few ordered domains are still observed. In Figure 52, domains with 




lines and zigzags are distinguishable. A few parallelograms appear on the sides of the domains with the 
lines. It suggests once more that the lines have a similar composition as the parallelograms as already 
expected from the EHT simulation contrasts. They are both made of (P,M)-9,9’-bis[7]H. Therefore, the 
Ullmann coupling of heptahelicenes is not diastereoselective as both homochiral and heterochiral 
bis[7]H are formed on surface. We recall that in the case of Br[4]H (paragraph III.4.1), the diastereoselec-
tivity observed after the reaction was due to the low inversion barrier of the molecule. 
 
Figure 51: STM images (a: 27.3 nm × 27.3 nm, 35 pA, –2.9 V; b: 38.9 nm × 38.9 nm, 30 pA, 1.5 V, c: 9.7 nm × 9.7 nm, 
30 pA, 1.5 V) of the two structures formed after the Ullmann coupling of Br[7]H on Au(111) at 499K. (a) Zigzag motif 
made of homochiral bis[7]H with alternating handedness. (b, c) Second structure observed after the coupling of 
Br[7]H. An electron density map (states 138-142 Ext. Hückel, LUMO to LUMO+4) of a (M,P)-9,9’-bis[7]H is presented 
in the inset of (c) and serves as a comparison with the molecules observed in this structure, e.g. in the black rectangle. 
 
 
Figure 52: (a, b) STM images (a: 15.5 nm × 15.5 nm, b: 10.4 nm × 10.4 nm; 30 pA, 3.0 V) of the Au(111) surface after 
post-Ullmann-coupling annealing at 581K. (a) The image displays the structure with the zigzag motif (circled in 
green), the lines structure (blue) and an area which is composed by both lines and parallelograms (black). (b) The 
image shows the structure with lines. On its sides, a few parallelograms appear (black circles). The rest of the surface 
is mostly covered with disordered areas. The horizontal lines observed in the upper parts of the images (a) and (b) 
are due to the reduced coverage: the tip was constantly catching and dragging molecules. (c, d) Molecular models 
and associated electron density maps of the frontiers orbitals of (c) a (M,P)-9,9’-bis[7]H (states 138-142 Ext. Hückel, 
LUMO to LUMO+4) and of (d) a (M,P)-[8,8’-9,9’]bis[7]H (states 137- 141 Ext. Hückel, LUMO to LUMO+4 and states 
132-136 Ext. Hückel, HOMO to HOMO-4). In the (M,P)-9,9’-bis[7]H, the strong steric repulsion between the red-
marked H atom and the one which is hidden at the 8th position on the other part of the molecule, could favor a 
cyclodehydrogenation such as observed in refs.174,192, giving rise to the formation of (M,P)-[8,8’-9,9’]bis[7]H. 




Diastereoselectivity is not observed during Ullmann-coupling of Br-helicenes which have a high 
inversion barrier (41.7 kcal/mol for [7]H at 300 K3). However, the question about the structural difference 
between the parallelogram and line structures is still not solved. Annealing to higher temperature (581 
K) triggers the appearance of the parallelogram structure but not everywhere. Unfortunately, due to the 
messy surface, it was difficult to get good resolution images with STM for a longer or warmer annealing. 
From the literature, Br are expected to be desorbed above 523 K192,193. Are some Br atoms still interca-
lated between the molecules despite the high annealing temperature? To verify it, XPS measurements 
were performed on a different system (Figure 53).  
 
Both the Br3p and the C1s decrease in intensity after annealing at 373 K because molecules from 
the multilayer have desorbed. From that, we estimate that the initial coverage was 1.9 ML. Between 373 
K and 413 K, the Br3p peaks shift to lower energy due to the breaking of the C-Br bonds and the for-
mation of Br-Au as observed in refs.164,192,194 for the Br3d doublet. After annealing at 493 K, no Br3p 
signal is observed. XPS confirmed that Br atoms have desorbed from the surface between 463 K and 493 
K. The C1s peak at 284.5 eV also shifts to lower energy due to the breaking of the C-Br bonds and the 
formation of new C-C bonds, as observed in refs.164,192,194. 
 
Figure 53: Br3p (a) and C1s (b) XP spectra of 1.9 ML of Br[7]H on Au(111) at different temperatures: at RT (300 K) 
and after annealing 10 min at 373 K, 413 K, 463 K and 493 K. For both C1s and Br3p, a decrease in intensity is 
observed between RT and 373 K due to the desorption of the multilayer (from 1.9 to 1.0 ML). Above 413 K, Br3p 
and C1s peaks shift toward lower binding energy due to the breaking of the Br-C bond. The Br desorbed during 
annealing at 493 K but the same quantity of carbon was still present on the surface. The Br3p spectra are offset for 
clarity. 
 
The structure with the lines was still observed above 493 K when the Br atoms are not supposed 
to be on the surface anymore. However, the poor quality of the STM images after annealing at high 




temperatures and the non-negligible error in the temperature comparison due to the use of two sepa-
rated systems (with different devices to measure the temperature), we cannot exclude that Bromine is 
responsible for the formation of the different structures. Several other hypotheses could also explain the 
difference. Firstly, there could be a reconstruction of the Au(111) surface during the Ullmann coupling. 
It was observed for the system perylene / iron-phthalocyanine (FePc)195 and for Gd196 on Au(111). Both 
cases were explained by surface stress anisotropy induced by large charge transfer differences due to 
the coupling between the gold and the metal atoms from the molecule (Gd or the central Fe atom of 
FePc). It is possible that such charge transfer differences are observed in the Br[7]H case because it was 
demonstrated that electronegative halogen atoms (Cl, I) can lift some of the Au atoms from the top 
most gold layer to release the surface stress168,197. Pham et al.170 also reported a distortion of the her-
ringbone reconstruction during the annealing step of Ullmann coupling of Br4-pyrene on Au(111). They 
showed that the lifting of these Au adatoms can even lead to the uncommon formation of an organo-
metallic compound on Au(111). The formation of organometallic IS on Au was also observed by A. Say-
well et al.168 The presence/absence of Au reconstruction in the present work could be investigated further 
via LEED measurements. Secondly, the difference in assembly can be due to steric repulsion between 
the H atoms which are situated in the neighboring of the C-C bond linking the two parts (individual [7]H) 
of a bis[7]H (Figure 52c). Under steric overcrowding, partial cyclodehydrogenation of a molecule can 
occur as observed in the literature174,184,192,198,199. In the present case, this could for example lead to the 
formation of a (M,P)-[8,8’-9,9’]-bis[7]H (Figure 52d). If this reaction occurs here, it would anyway hardly 
explain the change in assembly observed with STM because the structure with parallelograms is formed 
after annealing of the structure with lines and not the other way around. Finally, other stereomers (9,9’-
; 9,10’- or 10,10’-(P,M)-bis[7]H) than the ones observed after adsorption of the evaporated bis[7]H(sol) 
could be formed on surface. It would induce different intermolecular interactions and self-assembly. The 
annealing at high temperature can provide sufficient energy for the inversion, leading to the formation 
of the stereomers observed after adsorption of the evaporated bis[7]H(sol), i.e. to the parallelogram 
structure. 
 
Bromine desorption induced by dehydrogenation 
Ullmann coupling is well documented on Ag, Au and Cuxxviii. In particular, dehalogenation is 
known to happen before RT on Cu, at RT or after a mild annealing on Ag and at more than 393 K on Au. 
Nevertheless, post-coupling Br desorption is reported to happen at very different temperatures depend-
ing on the references in the literature. On Au(111), it occurs at 523 K for dibromobianthryl 
                                                     
xxviii See for example refs. 10,11,168–170,183,184,190–193,200,50,201,265,156,160–164,166. 




(DBBA)192,193,200, between 473 K and 573 K for tetrabromopyrene170 or above 573 K for copper-octabro-
motetraphenylporphyrin201. Br desorption was found in this work to happen between 463 K and 493 K 
on Au(111). So, what triggers this desorption at different temperatures for different molecules? 
 
 
TDS measurements of H2 (2 amu), HBr (80 and 82 amu) and Br (79 and 81 amu) presented in 
Figure 54 reveal that the Br and HBr desorption peaks evolve at the same temperature: Br desorbs as 
HBr. Because both isotopes of Br (79, 81 amu) and both isotopes of HBr (80, 82 amu) show the same 
desorption features, the measured signals for the masses 79-82 amu cannot be due to molecular frag-
ments191. The Br and HBr peaks then vanish before the appearance of the first peak in the H2 spectrum. 
Bronner et al.191 performed a similar study where they monitored the desorption of Br during the cy-
clodehydrogenation of DBBA on Au(111). They observed the same behavior for H2, HBr and Br as ob-
served in this work. They also observed no Br2 signal at all, proving that Br desorbs only as HBr and not 
as Br2. 
 
Figure 54: Two TDS measurements of H2, HBr and Br for 1.5 ML of Br[7]H and of H2 for Bis[7]H on Au(111) at a 
heating rate of 3 K/s. Isotopes 79 amu of Br and 80 amu of HBr are displayed in (a). Isotopes 81 amu of Br and 82 
amu of HBr are presented in (b). The spectra are offset for clarity. 
 
Br can only desorb as HBr if atomic H is available. In the case of bis[7]H(surf) produced by on-
surface Ullmann coupling, H can only be produced by partial (Figure 52) or total dehydrogenation and 
can leave the surface in two possible ways191: 
 H + 	H	 → H	g	 (20) 
 H + 	Br	 → HBr	g (21) 




However, HBr and H2 desorption are not simultaneous (Figure 54: as soon as HBr decreases, H2 increases) 
and the transition between them is abrupt. It means that the hydrogen produced during dehydrogena-
tion of the molecule is directly consumed to form HBr (equation (21)) and the H2 production is not 
favored. Only after complete desorption of Br as HBr, H2 is finally produced according to equation (20). 
The fact that the atomic hydrogen produced during dehydrogenation is consumed first to produce HBr 
and only then to produce H2 is confirmed by studying the TDS of bis[7]H(sol) obtained by C-C coupling 
in solution prior to adsorption. On Au(111), H2 desorption starts at the same temperature at which HBr 
is produced for Br[7]H but no sharp transition is observed because there is no Br to desorb. The second 
peak of the H2 signal at higher temperature is almost at the same temperature for both molecules (be-
tween 703 and 713 K). A similar observation was made for DBBA191 by measuring the continuous atomic 
hydrogen (1 amu) emission during both HBr and H2 production. In Figure 54, the first peak observed in 
the TD spectra of H2 is probably induced by partial dehydrogenation due to the steric repulsion between 
certain atoms (Figure 52c, d). In the case of bis[7]H, this could lead to the formation of a (M,P)-[8,8’-9,9’]-
bis[7]H (Figure 52d). Note that the H could also come from the dehydrogenation of certain of the bis[7]H 
which are in a non-favorable configuration, e.g. on the step edges. However, because the dehydrogena-
tion and debromination temperatures (i.e. TD signals) are molecules-dependent (as confirmed by per-
forming the same experiment with Br[4]H and di-Br[4]H: Figure 55), it is very unlikely. It is more likely 
due to the specific partial dehydrogenation of each molecule which depends on the steric overcrowding 
intrinsically built within the molecule. The second peak in the H2 signal corresponds to the complete 
dehydrogenation of the molecule. Note that Br atoms are still on the surface during the cyclodehydro-
genation of the molecule similarly as what found for the DBBA molecules of Bronner et al.191. The cy-
clodehydrogenation and the products of this reaction will be investigated in a future project with TOF-
SIMS.  
 
The same experiment with Br[4]H and di-Br[4]Hxxix (Figure 55) shows that Br desorption occurs 
at a higher temperature than in the Br[7]H case. The HBr desorption peak occurs when the H2 production 
start to increase and there is no clear step in the H2 curve. Because the dehydrogenation occurs for these 
molecules at a more elevated temperature, it seems that HBr production (equation (21)) is not favored 
anymore over H2 production (equation (20)). The two dehydrogenation peaks for Br[7]H are observed at 
608 K and 711 K respectively whereas for Br[4]H and diBr[4]H, they are observable at 705 K and 768 K 
respectively.  
                                                     
xxix Note that for all molecules used in this study, the saturation to 1 ML was determined by different techniques. 
For Br[7]H and Br[4]H, it was defined by desorption of the multilayer by annealing to 373 K and 413 K respectively. 
The coverage of bis[7]H and diBr[4]H was assigned by comparing the amount of carbon measured for this molecule 
with 1 ML of Br[7]H and Br[4]H respectively. 
 





Figure 55: TD spectra of H2 (2 amu) and HBr (amu) for coverages above monolayer of Br[7]H (1.5 ML), Br[4]H (1 ML) 
and diBr[4]H (1.2 ML) on Au(111) at a heating rate of 1K/s. The background signals, recorded on clean Au(111) are 
also displayed. The spectra are offset for clarity. 
 
Based on the experimental observations on various molecules, the Br desorption process can be 
explained. Two competing reaction paths occur, namely HBr and H2 desorption. Their reaction rates are 
respectively first order and second order with respect to the concentration of atomic hydrogen. They are 
both limited by the slow release of hydrogen atoms during partial dehydrogenation of the molecule. 
The barrier for this first step is indeed much higher than the barriers for HBr and H2 desorption191. How-
ever, for Br[7]H, HBr production is favored over H2 production (large step in the H2 TD signal as soon as 
HBr production is over). One may argue that HBr formation could be more thermodynamically favored. 
However, Bronner et al. 191 performed DFT calculations on the desorption of H2 and HBr and they found 
that similar energies are needed in both cases. It seems more probable that this effect is simply due to 
kinetics: because of the dependency of the two competing processes with respect to the concentration 
of atomic hydrogen and considering a similar barrier of desorption for both H2 and HBr, the desorption 
rate will be larger for HBr. For molecules with a much higher dehydrogenation temperature such as 
Br[4]H and diBr[4]H, no steps are observed in the TD signals of H2 and HBr and the desorption of both 
processes occur in parallel. At higher temperature, both processes are thermodynamically favored and 
it seems that kinetics does not dominate anymore. 
 
In summary, although all molecules experience two dehydrogenation steps, they appear at var-
ious temperatures. Consequently, different Br desorption temperatures, dictated by the specific partial 




dehydrogenation process, are observed for different molecules. Because Br requires H to desorb, some 
of the molecules must dehydrogenate at least partially. In other words, after Ullmann coupling, when 
the Br atoms are finally desorbed, the molecules have already undergone structural modifications. This 
could be avoided by removing the Br atoms with atomic hydrogen gas191. 
 
4.3 Conclusion 
Successful Ullmann coupling of Br[4]H on Cu(100) leads to diastereoselectivity. It is induced by 
the low inversion barrier of the two parts of a bis[4]H, allowing the molecules to choose the best steric 
configuration on surface. Diastereoselectivity was not observed after coupling of Br[7]H because bis[7]H 
has a higher inversion barrier. Bis-[7]H(sol), synthetized in solution prior sublimation, formed identical 
structures on Au(111) and Cu(111). The first structure was made of rows of bis[7]H enantiomers with 
alternating handedness. The second was made of parallelograms built with two meso-bis[7]H. Adsorp-
tion of Br[7]H at ML coverage induces the formation different structures on Au(111) and Cu(111) but 
leads to successful coupling on both surfaces. The presence of Br prevented the self-assembly of the 
coupling products (bis[7]H (surf)) on Cu(111). On Au(111), self-assembly was observed, but one of the 
ordered-structure formed by bis[7]H (surf) was different with respect to the assembly observed for 
bis[7]H (sol). The presence of Br atoms on surface could be responsible for this modification. It could 
also be due to a reconstruction of the Au(111) surface during the coupling, to cyclodehydrogenation of 
the molecules after annealing or to the formation of different stereomers on surface compared to those 
observed after adsorption of the sublimated bis[7]H(sol).  The different hypothesis will be analyzed by 
using TOF-SIMS. 
 
In the case of on-surface synthetized bishelicenes, it was shown that, as observed previously for 
DBBA191, cyclodehydrogenation allows the desorption of Br in the form of HBr. The cyclodehydrogena-
tion also occurs for bis[7]H(sol). The different values reported for the desorption temperatures of Br are 
explained by the different dehydrogenation temperature of the helicenes which depends on the pres-
ence of steric overcrowding in their backbone.  
 
Ullmann reactions on metal surfaces are widely studied and awareness should be raised on the 
fact that Br desorption, at least on Au(111), implies small structural modifications of the studied mole-
cules. These modifications cannot always be easily observed with STM and XPS. 




III.5. Autocatalytic decomposition of helicenes 
Autocatalytic reactions are observed in many area of physics, chemistry and biology such as 
catalysis, radical polymerization, nuclear chain reactions or protein mediated-biosynthesis202. The com-
mon aspect in all those reactions is the fact that a product/radical produced during the reaction is used 
as a catalyst and therefore enhances the process rate exponentially with time. An example from surface 
chemistry is “surface explosion”12. During the last 45 years203–205, surface explosion on metal surfaces in 
UHV was observed for many oxygen-containing molecules, such as carboxylic acids12,147,203–208, H2O209, 
NO/CO210,211 and NO/H2212–214. Other templates such as oxygen-covered Pd215 or Rh-based catalysts (at 
atmospheric pressure)216–218 have also been studied. The reaction was explained by the formation of 
vacancies (denoted here with an asterisk ∗) in the close packed layer of oxygen-containing molecules 
(A). These vacancies are in fact surface sites, which act as catalyst for the decomposition and then create 
new vacancies. It is well described by the equation (22)12. 
  + 	G ∗	→  + G +  ∗ (22) 
where n and m are positive integer numbers and B is a product of the reaction which desorbs in the gas 
phase (g). At the beginning of such autocatalytic reactions, the decomposition of adsorbed molecules 
at saturation coverage is inhibited by the presence of the neighboring molecules which stabilize each 
other. Upon annealing to a certain temperature, which is higher than the regular decomposition tem-
perature of the isolated molecule147,206, a reaction site on the surface becomes available to start the 
decomposition. This initiation step produces more active sites which leads to an exponential increase of 
the decomposition rate. The difference with standard decomposition is that the active sites are needed 
for the decomposition are also produced by the reaction.  
 
This work presents the first autocatalytic decomposition of oxygen-free molecules for which the 
reaction path is even more complex. Br-helicene, a type of helical polycyclic aromatic hydrocarbons 
containing only C, H and Br but no O, are used. These molecules are deposited on an oxygen recon-
structed copper surface: (2√2×√2)R45°-O-Cu(100) 219,220. In this case, the oxygen coverage, molecular 
coverage and vacancies in both the oxygen and molecular layers are potentially involved in the mecha-
nism. By comparing different oxygen-free molecules on a well characterized O/Cu(100) surface, the pre-
sent study highlights new key parameters to obtain surface explosion. This reaction is often studied for 
the formation of certain reactions’ products203 or for its enantiospecificity206,207, etc. In addition, this re-
action is fast and complex and getting insight into the kinetics and thermodynamics of this process is 
important for the understanding of autocatalytic reactions and heterogeneous catalysis. Finally, this 




study aims to obtain new information about chemical reactions on oxygen-covered metal surface. Now-
adays, new electronic devices and industrial process call for surface functionalization obtained via on-
surface chemistry. The decomposition of polycyclic aromatic hydrocarbons on O/Cu(100) presented here 
should raise the awareness to the fact that many metal oxides, in particular the oxide of the noble metal 
copper can be relatively easily reduced by carbon, a phenomenon which was employed already in the 
Bronze age (about 3000 B.C.) to produce pure metallic copper. 
 
5.1 Autocatalytic decomposition of bromoheptahelicene on 
O/Cu(100) 
The oxygen layer was created using O2 (gas) at 573 K followed by a 5-minutes post-annealing 
at 573 K. The coverages of molecules and oxygen were determined from the integrated C1s and O1s 
XPS intensities. A coverage of one monolayer (1 ML) corresponds to a saturated layer. For all molecules 
used in this study the saturation to 1 ML was determined by either i) confirming that further sublimation 
does not lead to an increased amount of carbon (Br-pyrene, Br-tetraphenylene, diBrbianthracene, 
diBranthracene), or by ii) desorption of the multilayer by annealing to 348 K for Br[7]H and to 413 K for 
Br[4]H. The coverage of [7]H, bis[7]H and diBr[4]H was assigned by comparing the amount of carbon 
measured for this molecule with 1 ML of Br[7]H and Br[4]H respectively because they have the same 
number of C atoms. As mentioned previously, for more than 1ML of Br[7]H, the excess easily desorbs 
with annealing at low temperature (348 K), much before the explosion process and does not affect the 
surface explosion process (Figure A. 14). Therefore, a nominal 1.0 ML was assigned for Br[7]H to all 
coverages above saturated ML. It avoids confusions in the simulation. The same was done for [7]H above 
ML coverage.  
 
5.1.1 General observations  
Figure 56 presents STM data (Specs Aarhus 150, at 150 K) of Br[7]H (bromoheptahelicene, C30H17) 
which were sublimated at 453 K on a reconstructed (2√2×√2)R45° O-Cu(100) surface kept at room tem-
perature. Models of this reconstruction were described in detail in refs. 219,220. 
 
The TD spectraxxx of 1 ML Br[7]H on 1 ML O/Cu(100) are displayed in Figure 57. Both CO2 and 
H2O are produced at Texp=520 K. The peaks are extremely narrow (about 5 K full width half maximum, 
                                                     
xxx CO was also measured: it follows the same trend as CO2. It does not bring any information because mass 28 amu 
(CO) is a fragment of 44 amu (CO2) and the detected signal was in the limit of the measured ratio between the CO2 
and CO detected by the mass spectrometer. This ratio was measured by injecting CO2 in the chamber. 




FWHM) and the produced quantity of both species is large. This is one of the signature features of a 
surface explosion12 which cannot be associated with the kinetics of a zero, first or second order reaction. 
Note that H2 also has a small peak at Texp. It increases considerably only after the explosion: a peak is 
observed at 741 K. The only sources of hydrogen in the chamber are the helicenes themselves: this last 
peak corresponds to the complete dehydrogenation of the molecules. 
 
Figure 56: STM images of the (2√2×√2)R45° O-Cu(100) reconstructed surface for a (a) full ML of oxygen (large 
image: 150 nm × 150 nm, –0.9 V,–1.0 nA, RT; inset: 7 nm × 7 nm, –0.05 V,–3.0 nA, RT), (b) 0.56 ML of oxygen (94 nm 
× 94 nm, –0.07 V,–1.0 nA) having both the same structure in the ordered area. (c) STM image of 0.27 ML of Br[7]H 
on 1 ML of O (30 nm × 30 nm, –3.1 V, –0.16 nA, 130 K) annealed at 348K. Dimers of molecules are observed. 
 
 
Figure 57: TDS graph of 1 ML of Br[7]H on 1 ML of O on Cu(100), presenting the evolution of the masses 44 (CO2),18 
(H2O) and 2(H2) amu as a function of the temperature (heating rate 1 K/s). 
 
5.1.2 Influence of the oxygen and molecular coverage 
The importance of vacancies in the autocatalytic decomposition process was discussed above. 
In this study, two types of vacancies are present: Vox in the oxygen layer and Vmol in the molecular layer. 
This brings us to the following question: does the explosion depend on the molecular and/or on oxygen 
coverage? To answer this important question, the coverage of both oxygen and molecules are varied 




separately. One expects to observe the second characteristic aspect of a surface explosion12,147: a peak 
shift to higher temperatures as the coverage increases. 
 
Figure 58 displays series of TD spectra where the coverage of molecules and oxygen is varied. 
The explosion temperature Texp of both H2O (18 amu) and CO2 (44 amu) increases with the coverage of 
oxygen. With increasing oxygen coverage, the TD signal becomes narrower. Note that Texp is always a 
bit smaller for H2O than for CO2: for 0.76 ML O, Tx is 499 K and Tx  is 503 K and for 0.82 ML O, Tx 
is 508 K and Tx  is 512 K (Figure 64). Therefore, water starts to be produced before carbon dioxide. H2 
(2 amu) has a small peak at Texp only when the coverage of oxygen is 1 ML but does not indicates any 
explosion behavior. These behaviors for the different masses were observed for all measurements pre-
sented in this work: therefore, only CO2 will be discussed in the rest of this work. 
 
Figure 58: TD spectra (heating rate 1 K/s) of Br[7]H/O/Cu(100) of the masses 18 (a), 44 (b) and 2 amu (c) for a 
saturated ML of Br[7]H (C8 = 1) and various O coverage (Ce). (a, b) The autocatalytic decomposition of Br[7]H/O 
produces both H2O (a) and CO2 (b). In both cases, the explosion peak gets sharper, more intense and occurs at a 
higher temperature when the coverage of oxygen increases. (c) For H2, a small peak is observed for 1 ML of oxygen 
(black curve).  
 
Moreover, the explosion temperature does not change significantly with the coverage of mole-
cules (Figure 59). The intensity of the TD signal just becomes lower as the coverage of Br[7]H is reduced. 
The smaller the molecular coverage is and the broader is the tail after the explosion temperature. This 
corresponds to a normal combustion of helicenes as will be discussed in the Figure 62. The autocatalytic 
decomposition is indeed limited because only a few islands of ordered molecules are present on the 
surface (Figure 56c). This quenches the reaction. The explosion temperature is not significantly affected 
by the coverage of molecules (Figure 59). It means that the limiting factor for the autocatalytic produc-
tion of CO2 and H2O is the quantity of oxygen vacancies. A full ML of oxygen corresponds to about 7 




oxygen atoms and 10 Cu atoms from the 1st layer per nm2. The footprint of a molecule on the surface is 
about 2.1 nm2. At molecular coverages above one ML (Figure A. 14 in the appendix), the TDS signal does 
not change. This is due to the desorption of the multilayer before explosion during annealing as shown 
with XPS (Figure 60). After TDS, some carbon is still present on the surface but no oxygen anymore. 
 
Figure 59: TD spectra at different coverages of Br[7]H (C8) on 1ML of O on Cu(100). The explosion intensity 
decreases and the range of CO2 production increases with the coverage, e.g. CO2 is produced between 500 K to 700 
K for 0.1 ML of Br[7]H. At all coverages, the explosion occurs around the same temperature. The case with 1 full ML 
of molecules is the one with the minimum Texp=520 K.  
 
 
Figure 60: C1s (a) and O1s (b) XP spectra of 1.9 ML of Br[7]H on 1 ML of O on Cu(100) at different temperatures: 
RT (300 K), after annealing 10 min at 348 K and after the TDS (until 823 K). After annealing at 348 K, both the C1s 
and O1s peak intensities decrease, due to desorption of the molecules in the second layer. After the TDS, no oxygen 
is left but a peak of C1s is still observed.  
 




5.1.3 Heating rate  
Desorption rates are described by the Polanyi-Wigner equation which is an Arrhenius-type law. 
In principle the autocatalytic decomposition process also follows this law. The desorption rate was dis-
cussed in detail by P.A. Redhead45 and G. Carter46. The desorption temperature and intensity are ex-
pected to increase with the heating rate. It is also the case for the catalytic decomposition of Br[7]H on 
O/Cu(100) (Figure 61). The higher the heating rate is, the higher Texp. The increase of the CO2 and H2O 
intensities with increasing heating rate is simply because the TD signal is proportional to the amount of 
desorbing material per unit time –dθ/dt. 
 
Figure 61: TD spectra at 44 amu for 1 ML of Br[7]H on 1 ML of O on Cu(100) for different heating rates. Texp increases 
from 519 K for 0.33 K/s to 525 K for 1 K/s to 527 K for 3 K/s. At higher heating rates, the same amount of material 
desorbs in a shorter time, leading to a more intense signal. This trend was also observed for 18 amu. 
 
5.2 Comparison with heptahelicene on O/Cu(100) 
As comparison (Figure 62), TDS of [7]H (heptahelicene, C30H18) on the oxygen reconstructed 
Cu(100) surface was measured. CO2 is produced between 473 K and 728 K with a maximum at 678 K. 
H2O also starts to be produced around the same initial temperature. H2 follows the same trend as water. 
No surface-explosion is observed in this case. 
 
The coverages of [7]H and of oxygen were then varied independently (Figure 63). The desorption of 
H2O and CO2 are in the case of [7]H different from one another. They are also much wider and starts at 
lower temperature than observed for Br[7]H. This might be due to the need of an initiation step, the 
presence of the first vacancy, for the autocatalytic decomposition of Br[7]H. Autocatalytic behavior is not 
observed for the combustion of heptahelicene. 
 





Figure 62: TDS graph of 1 ML of [7]H on 1 ML of O on Cu(100), showing the evolution of the masses 44 (CO2),18 
(H2O) and 2 (H2) amu as a function of the temperature (heating rate 1 K/s). 
 
When more molecules are on the surface, more CO2 and water are produced. The CO2 is also 
produced at a lower temperature and more constantly over a broad range of temperatures. This might 
be due to the presence of more carbon and hydrogen (from the molecules) on the surface which are 
easier to use by the oxygen for desorption as water or carbon dioxide. The attentive reader can notice 
that the shape of the curve observed for CO2 in the case of the normal combustion of [7]H is the same 
as the one observed for Br[7]H when a low quantity of Br[7]H is on the surface. In this case, the auto-
catalytic decomposition is replaced by a normal combustion. At low coverage, the molecules are not 
stabilized anymore above their usual decomposition temperature by the presence of neighboring mol-
ecules. When less oxygen is on the surface, less CO2 is produced but more H2O. Since water needs only 
one oxygen for its formation and carbon dioxide needs two, the probability is higher for water to form. 
The absence of Br prevented the autocatalytic decomposition to occur. This was confirmed by studying 
pentaindenocorannulene (PiC) on O/Cu(100): the molecule, containing only C and O, did not autocata-
lytically decompose. 
 
Note that for [7]H, as observed for Br[7]H, the H2O TDS signal starts at lower temperature than 
the CO2 signal (Figure 64). It is particularly significant (between 3 and 15 K of difference) for 1 ML of 
molecules on sub-monolayer coverages of oxygen. Due to the faster reaction kinetics for molecules on 
a full ML of oxygen, the effect is much smaller, e.g. the difference in temperature is about 0.5 K for 1 ML 
of Br[7]H on 1 ML of O. The fact that H2O is produced before CO2 is an indication towards the reaction 
mechanism. It is known that dehydrogenation and cyclodehydrogenation of sterically overcrowded poly-
cyclic aromatic hydrocarbons leads to the formation of C−C bonds and the production of atomic hydro-
gen.184,191,198 Such transiently produced atomic hydrogen has been reported to desorb from O/Cu as 




H2O,221 from Br/Au as HBr,191 and as HCN from cyano-groups containing species.222 In the present case, 
the leading H2O peak strongly suggests that the atomic hydrogen produced during partial dehydro-
genation of sterically overcrowded Br[7]H leads to the desorption of H2O thereby creating initial vacan-
cies in the oxygen layer.  
 
 
Figure 63: CO2 and H2O TDS graphs of [7]H on O/Cu(100) for different molecular coverages C8 and 1 ML of 
oxygen (a, b), and for different oxygen coverages Ce and 1 ML of molecules (c, d). (a, b) As the coverage of molecules 
increases, the production of CO2 is reduced and starts at a lower temperature. Nevertheless, more water is produced. 
(c, d) When the coverage of oxygen increases, CO2 emission gets wider and increases but the H2O emission de-
creases. It also reduces as soon as the CO2 production starts. The explosion curve for 1 ML of Br[7]H on 1 ML of 
O/Cu(100) is displayed as a dot line for comparison. Both CO2 and H2O desorption happen at a lower temperature 
for heptahelicene compared to Br-heptahelicene. 
 





Figure 64: Comparison of simultaneously recorded CO2 and H2O TD spectra for [7]H (a, b) and Br[7]H (c, d) as a 
function of molecular coverage C8 (a, c) and oxygen coverage Ce (b, d). H2O desorption always starts before CO2, 
i.e. at lower temperature. 
 
5.3 Influence of bromine on the surface explosion 
The Br3p XP spectrum presented in the Figure 65 reveals that the Br atoms start to dissociate 
from the molecules at 348 K on the (2√2×√2)R45° O-Cu(100) surface, i.e. much before the explosion 
occurs. In addition, STM shows (Figure 56c) that the molecules form dimers at this temperature. This 
means that the molecules probably bind to the copper and form an intermediate state. It was already 
observed for Ullmann coupling on copper without any oxygen layer50 (paragraph III.4.2.2). After the TDS 
(up to 823 K), all Br atoms have desorbed. 





Figure 65: Br3p XP spectrum of 1.9 ML of Br[7]H on 1 ML of O on Cu(100) at different temperatures: at RT (300 K), 
after 10 min annealing at 338 K and at 348 K and after TDS (up to 823 K). From 300 K to 338 K, the Br3p3/2 peak is 
at 184 eV which corresponds to the presence of C-Br bonds50. This means that the Br is still on the molecules. After 
the annealing at 348 K, a new signal at about 182 eV appears corresponding to the formation of Br-Cu bonds50. It 




Figure 66: TDS trace of Br[7]H on 1 ML of O on Cu(100), showing the evolution of the masses 44 (CO2), 2 (H2) and 
79 (Br) amu as a function of the temperature (heating rate: 3 K/s). The Br signal (79 amu) of the background was 
also measured as a comparison with the data. At 538 K, the explosion is observed. Between 725 and 785 K, an 
increase of both H2 and Br (with respect to the background) is observed.  
 
In order to determine if the Br is leaving the surface before, during or after the explosion, Br (79 
amu) desorption was measured (Figure 66) together with H2 and CO2 with TDS. The Br desorbs from the 
surface at around 750 K. A peak is also observed in the H2 at the same temperature. The Br and H 
desorption are therefore happening at the same time: during dehydrogenation of the molecules, some 




of the hydrogen are liberated as H2 whereas some are probably liberated as HBr as observed in191 and 
in the study of Br[7]H on Au(111) in the paragraph III.4.2.3. Note that on bare copper surfaces, the C-Br 
bond in organohalides is dissociated significantly below room temperature and organometallic C-Cu 
bonds are formed.11,50,166 On oxygen covered copper surfaces this reaction occurs slightly above room 
temperature50,223, e.g. at 338 K for Br[4]H/O/Cu(100).50 For Br[7]H on O/Cu(100), the onset of C−Br bond 
scission occurs at 348 K, as evidenced by the appearance of a Br3p3/2 at lower binding energy (Figure 
65). Moreover, it has been reported that the C−C coupling (Ullmann reaction) does not occur on 
O/Cu.50,159,223 The fact that the molecules appear as dimers (Figure 56c) strongly suggests the formation 
of organometallic copper complexes50,159. This is confirmed by the C1s XP spectra of diBr[4]H/O/Cuxxxi 
annealed at 348 K (Figure A. 15 in the appendix) exhibiting a signal at 283.2 eV characteristic for organ-
ometallic carbon,224,225 i.e. molecules forming C-Cu bonds with the substrate or with Cu ad-atoms, 
thereby ‘anchoring’ the molecules after C-Br bond scission. 
 
Figure 67: (a) TD spectra showing the CO2 evolution for 1 ML [7]H and Br[7]H on 1 ML of Br doped O/Cu. Like on 
normal O/Cu, Br[7]H undergoes surface explosion and [7]H does not. (b, c, d) XP spectra of a carbon free Br-doped 
O/Cu layer. The Br-doped O/Cu is prepared by deposing 1 ML of Br[7]H on 1ML O on Cu(100) and then annealing 
20 min at 633 K in 3 × 10-5 mbar O2, followed by 5 min post-annealing (633 K). Under these conditions the carbon 
burns completely but the bromine remains.  
                                                     
xxxi diBr[4]H was studied because the ratio of Br/C atoms is larger for diBr[4]H than for Br[7]H and the C1s shift is 
more pronounced. 




The previous experiments showed that the explosion occurs when the Br atoms are dissociated 
from the molecules (Figure 65), however the atoms are still present on the surface during the explosion. 
To determine whether the explosion is triggered by the presence of Br or by the “anchoring” of the de-
halogenated Br[7]H to the surface, [7]H and Br[7]H decompositions were studied on Br-doped O/Cu. 
The sample is prepared by depositing 1 ML of Br[7]H on O/Cu(100) and annealing 20 min at 633 K in 3 
× 10-5 mbar O2, followed by 5 min post-annealing (633 K). Under these conditions (Figure 67b-d), the 
carbon burns completely but the bromine remains. As seen in Figure 67a, in presence of Br atoms on 
the surface, [7]H does not undergo an autocatalytic decomposition whereas Br[7]H does. Br has there-
fore no catalytic role in this process, it is the anchoring of the molecule which is required for a surface 
explosion.  
 
5.4 Computational modelling: insights into the autocatalytic de-
composition 
The explosion of oxygen-based molecules on surfaces, described by the equation (22)12 depends 
on vacancies, i.e. surface sites, formation. 
The reaction rate rA therefore depends on the coverage of molecules θ and the number of vacancies (1 
- θ) as follow147,206: 
 N = − C! = @	C1 − C/&0/EF (23) 
where ν is the attempt frequency and E is the activation energy for desorption, T is the temperature and 
R the gas constant. n is a positive integer number corresponding to the reaction order of vacancies in 
the decomposition reaction of A. Note that, in order to observe the autocatalytic process, it is important 
that the molecules are stabilized above the temperature at which a single molecule would usually de-
compose147,206. This can occur if single molecules are less stable than those in a closed-packed layer. In 
that case, the surface concentration of vacancies (1–θ) would enter the rate equation. For a close-packed 
layer, this term is zero. Since desorption produces vacancies, the reaction rate is amplified exponentially 
and leads to the autocatalytic behavior.  
 
In the case of oxygen-free molecules on O/Cu(100), the reaction path and rate are a bit more 
complex. The oxygen coverage Ce , molecular coverage C8 and vacancies both in the oxygen (1–θox) 
and molecular (1–θmol) layers might be involved. A generalized form of the reaction rate is given in equa-
tion (24): 




 − C! = @	C e1 − C e8C8/1 − C8Z&0/EF (24) 
where l, m, n and p are exponents which determine the order of the reaction, i.e. the influence of the 
oxygen, molecular coverage and vacancies on the explosion process, respectively. 
 
Equation (24) was applied to both [7]H and Br[7]H (Figure 68). [7]H does not decompose auto-
catalytically: m = p = 0 because the rate does not depend on the vacancies formation. The model repro-
duces properly the initial temperature burst around 470 K which is consistent with the obvious assump-
tion that the TDS signals at high temperature correspond to later decomposition processes. For the 
modelling of the Br[7]H, m>0 and p=0, because the autocatalytic decomposition depends only on the 
vacancies in the oxygen layer but not in the molecular layer. It is not possible to know how many oxygen 
vacancies are needed for the Br[7]H dissociation. To keep the model as simple as possible we assumed 
that, the reaction was first order with respect to the oxygen coverage: l = m = 1. This simple model of 
the explosion as a function of the oxygen coverage reproduces quite well what was experimentally ob-
served (Figure 68). It could be that m is higher in reality, i.e. more than one oxygen vacancy is needed 
for a Br[7]H to explode (as was observed for tartaric acid (TA) which needs two vacancies12). The behavior 
of both [7]H and Br[7]H could be reproduced using the same energy barrier (150 kJ/mol) and attempt 
frequency (1015 Hz). The attempt frequency12 value for the explosion modelling is in the range of what 
is usually used in the literature. 1013 Hz and an energy barrier of 131 kJ/mol also reproduce correctly the 
overall experimental behavior. However, the present choice of 1015 Hz reproduces slightly better the 
oxygen coverage dependency. 
 
In the experimental data, Texp is constant or slightly increasing with a decreasing coverage of 
molecules, i.e. almost independent of the molecular coverage. Thus, the exponent of the molecular cov-
erage n must be a fractional order rate in the model. Therefore, n=1/3 was chosen because it fits best 
the experimental data. When using the model to simulate the explosion as a function of the molecular 
coverage, the temperatures of the initial peaks are almost the same as observed in the experiment. 
Nevertheless, the model does not grasp the correct variation of the peak intensities. The model is also 
exclusively made to simulate the first step/peak. The later steps observed at low molecular coverages 
correspond to later decomposition processes, which are not of interest here. They could be caused by 
the formation of molecular islands. Depending on their size, the islands would give rise to several inde-
pendent explosion processes which would stop as soon as all educts in one island are depleted from the 
surface. It is not clear weather molecular islands really form or if a 2D gas of molecules, acting differently 
as a full layer of molecules, is present on the surface.  





Figure 68: Measured data (a-c) and corresponding models (d-f) for several coverages of [7]H on 1 ML of oxygen (a, 
d), for 1 ML of Br[7]H (b, e) on different coverages of oxygen and different coverages of Br[7]H on 1 ML of oxygen 
(c, f). 
 
Note that with this model, when the coverages of molecules and/or oxygen are equal to 1, the 
(1–θ) terms becomes zero: the adsorbate stays stable and rate is zero. To overcome this problem, the 
full layer was approximated as (1–ε), with ε = 10-5, which corresponds to the initial defects which are 
always present in the layers. Mhatre et al.12 included in their model an initiation term allowing to model 
the creation of a vacancy. They demonstrated that this step was slow, irreversible and independent of 
surface defects. In order to keep it as simple as possible, the model presented here does not include an 
initiation process. However, the same behavior can also be obtained by including a second process 
leading to initiation as in ref.12. To reproduce the experimental behavior, the initial term must lead to a 
reduction of the oxygen coverage by ε = 10-5 at the temperature of autocatalytic decomposition. 
 
5.6 Decomposition of other polycyclic aromatic hydrocarbons  
To better understand the explosion mechanism, other PAH were tested to determine which fac-
tors lead to an autocatalytic decomposition (Figure 69). The explosion of Br[7]H as well as the normal 
decomposition of [7]H were extensively discussed above. The anchoring to the copper surface due to 
the rupture of the C-Br bond was found to be important for the explosion mechanism to happen. Br[4]H 
and diBr[4]H, whose helicity is due to the repulsion between the H atoms indicated in blue in the Figure 
69, also decompose autocatalytically (Figure 70 and Figure A. 16 in the appendix). The presence of two 
Br instead of one at different position on the helicene decreases Texp from 551 K to 538 K. The explosion 




of 9-Br[7]H which has a Br atom at a different position than 2-Br[4]H occurs only at 527 K. It means that 
the number and presence of Br has an influence on the kinetics of the phenomenon. It could be due to 
a different distance between the Br-atom and the copper surface depending on where Br is situated on 
the helicene backbone. This has an impact on the C-Cu bond formation and probably also on the for-
mation of intermediate organometallic states (e.g. dimers for Br[7]H).  
 
Figure 69: Molecular structures of the molecules for which the decomposition was studied. From left to right: 9-
Br[7]H, [7]H, 2-Br[4]H, 2,3’-diBr[4]H, 4,4'-diBrterphenyl, 1-Br-pyrene, 10,10’-diBr-9,9'bianthracene, 9,10’-diBranthra-
cene. A green check means that an autocatalytic decomposition was observed whereas a red cross indicates the 
absence of explosion, that is, standard combustion. For the sake of clarity, hydrogen atoms at the rim of the mole-
cules were not drawn, only those which are encountering a stronger steric repulsion and are candidate for cyclode-
hydrogenation are highlighted in blue. Note that PiC decomposition was also studied and did not lead to an explo-
sion. 
 
As a comparison, other PAH with Br and selected characteristic were analyzed. Unfortunately, 
Br-benzene, the simplest of all PAH, could not be successfully adsorbed at room temperature on 
O/Cu(100). Dibromoterphenyl was therefore analyzed: the observed decomposition was not autocata-
lyticxxxii (Figure 70). It was therefore clear that the anchoring was a necessary but not sufficient condition 
for the surface-explosion. Many differences between dibromoterphenyl and helicenes exist. Firstly, it is 
not made of ortho-fused benzene rings. In addition, it is more or less planar (absence of strain). In the 
case of tetrahelicene, the strain and the helicity are induced by the presence of hydrogens atoms at 
carbons No. 1 and 12. The steric repulsion between them would be too strong if the molecule would be 
planar. This applies also to larger helicenes. The strain energy can be quite important: According to 
                                                     
xxxii Another example came from the literature: Lin et al.266 performed TDS on CH2CHBr and CH3CHBr2 on O/Cu(100), 
in order to study their reaction products. In both cases, no autocatalytic behavior is visible in their results. However, 
these results cannot really be considered in our work because the quantity of oxygen deposited on surface was in 
this case between 15 and 30 L (about 0.1 ML). It is far too low to observe the presence of an autocatalytic decom-
position. 




theoretical calculations, [7]H is less stable than [7]phenacene (1,2;9,10-dibenzopicene) by about 23 
kcal/mol226.  
 
Figure 70: TDS traces showing the autocatalytic decomposition of Br[7]H, diBr[4]H and dibromobianthracene (a) 
and the non-autocatalytic decomposition of [7]H, Br-pyrene, diBrtetraphenylene and diBranthracene (b). H2O (dash 
line) and CO2 (solid line) were measured for a heating rate of 3 K/s. 
 
In order to test the importance of the steric overcrowding (giving rise to the helical strain in 
helicenes), a planar PAH Br-pyrene, was tested. Br[4]H explodes but Br-pyrene which also possess four 
benzene rings and one Br atom does not (Figure 70 and Figure A. 16 in the appendix). Nevertheless, 
DBBA, which is not planar227,228, decomposes autocatalytically (Figure 70 and Figure A. 16 in the appen-
dix) on the oxygen reconstructed Cu(100) surface. As in helicenes, the proximity of the hydrogen atoms 
at the inner rim of both anthracene parts induces steric overcrowding. New C−C bonds between the 
anthracene units could be easily formed during cyclodehydrogenation.184 As a comparison, 9,10’-dibro-
moanthracene (DBA) with two Br atoms but only one anthracene unit, i.e. without strain, was tested. It 
did not decompose autocatalytically. Consequently, we identify the strain as a necessary condition for 
the explosion. Note that C-C coupling of diBrA would lead to steric overcrowding like in diBrbiA.184 
Therefore the absence of autocatalytic decomposition of diBrA is further evidence against Ullmann or 
C-C coupling on the O/Cu substrate. 
 
For both helicenes and DBBA, a way to reduce the strain energy on surface, using the thermal 
energy provided by the annealing is to form planar molecules by cyclodehydrogenation, i.e. formation 




of an aromatic ring accompanied by hydrogen removal. This occurs on metal surfaces for both mole-
culesxxxiii. It was indeed observed for a helicene derivative (P)-benzo[2,1-g:3,4-g']dichrysene on Ag(111) 
198 that, upon annealing to 520 K, the molecules can undergo a Diels-Alder cycloaddition and dehydro-
genation, followed by C-C bond rupture and hydrogen shift leading to the formation of a flat 6-phe-
nyldibenzo[a,g]coronene. Further annealing up to 670 K leads to cyclodehydrogenation and the for-
mation of flat dibenzo[a,m]indeno[1,2,3-ef]coronene. It is even simpler for smaller helicenes such as 
pentahelicene: the molecule becomes flat when enough energy is provided by flash vacuum pyrolysis 
for the detachment of the two hydrogen atoms (1,14) which are strongly repulsing each other. A C-C 
bond is formed instead, making the molecule flat (benzo[ghi]perylene)199. DBBA undergo cyclodehydro-
genation on both Au(111) and Cu(111) 184,192 (at 523 K192 on copper) forming planar molecules that serve 
as precursor for carbon nanotubes (CNT) formation. If the same reaction occurs on an oxygen-recon-
structed surface, the hydrogen atoms produced during dehydrogenation would react with the oxygen 
atoms to form H2O. This would create vacancies in the oxygen layer and provide an initiation step for 
the explosion process. This can explain why cyclo-dehydrogenation in sterically overcrowded PAHs is 
required for the explosion. Such explanation is strongly motivated by the observation of earlier H2O 
desorption compared to CO2 (Figure 64). 
 
In summary, two factors are necessary for the surface explosion phenomenon. Firstly, the pres-
ence of sterically overcrowded regions in the PAH plays a crucial role as shown by comparing similar 
molecules with and without strain such as Br[4]H vs bromopyrene or DBBA vs DBA. Interestingly, the 
literature184,192,198,199 reports that strained molecules adsorbed on annealed single-crystal metallic sur-
faces (Au, Cu…), undergo cyclodehydrogenation giving rise to the formation of planar molecules and 
the production of hydrogen. The same dehydrogenation reaction can probably occur on O/Cu. Gottardi 
et al.229 demonstrated for instance, that it is possible to grow graphene on an annealed copper oxide 
layer (1200 K). Our results strongly suggest that the hydrogen atoms produced during cyclo-dehydro-
genation of sterically overcrowded molecules react with the oxygen to form H2O. The desorption of H2O 
generates vacancies in the oxygen layer: this is the initiation process. Without this step, the explosion 
does not happen. Secondly, the presence of an organometallic bond with the copper surface created by 
the breaking of the Br-C bond is required for the explosion to happen. It could be due to the fact that 
without this bond, the molecules are more prompt to desorb at high temperature. On the other end, a 
study of chemisorbed acetylene on Cu(100) 230, with high-resolution electron energy loss scattering 
(HREELS) and surface-extended X-ray absorption fine structure (SEXAFS) indicated a strong perturbation 
of the adsorbate with a C-C bond length of 1.41 Å instead of the usual 1.20 Å 231. The binding of the 
                                                     
xxxiii On Au(111), the molecules of interest, namely Br[4]H, Br[7]H and diBr[4]H undergo partial dehydrogenation as 
observed with TDS in the paragraph III.4.2.3. 




molecule to the copper in our study is expected to similarly weaken the neighboring C-C bonds in the 
adjacent benzene ring, which are then easier to dissociate to form CO2 and to create an autocatalytic 
reaction. To confirm this mechanism, it would be interesting to know which carbon and hydrogen atoms 
are used to produce CO2 and H2O in the first stage of the reaction. The molecules provide indeed much 
more C and H than necessary to desorb all the O. An experiment with modified Br-helicenes, replacing 
the C12 atom in the C-Br bond by a C13 isotope and replacing the hydrogen atoms supposed to leave 
during cyclodehydrogenation by deuterium atoms, could shed new light on this question. However, the 
production of such molecules is most likely synthetically very challenging.  
Required property Mode of action 
Br-R bond in PAH Organometallic C-Cu bond  ‘Anchoring’ of PAH 
Sterically 
overcrowded PAH 
Atomic hydrogen produced at lower temperature while C-Cu still intact 
 Initiation (first vacancies) by desorption of H2O 
Saturated ML of oxygen 
Low density of vacancies (active sites) 
 Increasing rate of combustion after initiation 
Table 8: Requirements for an autocatalytic decomposition of organic molecules 
 
 In other words, if the molecule is bromo-terminated but has no strain, there is no explosion 
because there is no partial dehydrogenation and no initiation. Full dehydrogenation of the molecule at 
higher temperature does not lead to an explosion, probably because different reaction pathways are 
favored at higher temperature. This explanation is supported by our work on the desorption of Br during 
Ullmann coupling of brominated helicenes (paragraph III.4.2.3): the production of HBr was differently 
favored over H2 production depending on the partial dehydrogenation temperatures of Br[4]H, Br[7]H 
and diBr[4]H (different kinetics). These molecules show different partial dehydrogenation temperatures 
and therefore involve different initiation temperatures for surface explosion as verified experimentally 
(Figure A. 16 in the appendix). If the molecule is not brominated but has strain, surface sites are available 
for reaction but because the decomposition is independent of the presence of vacancies (as tested in 
the theoretical model in paragraph III.5.4), the explosion do not occur. A summary of the main findings 
is given in the Table 8.  
 
5.7 Conclusion  
In this experiment, the first surface explosion of oxygen-free molecules was presented. Br[7]H, 
Br[4]H diBr[4]H and DBBA decompose autocatalytically whereas [7]H, PiC, Br-pyrene, tetraphenylene and 
DBA do not. All molecules produced H2O and CO2 during their decomposition. The explosion depends 




on the vacancies in the oxygen layer and not on the vacancies in the molecular layer. In addition, to 
undergo a flash autocatalytic decomposition, oxygen-free molecules need two specificities. Steric over-
crowding in the molecular backbone is required because it leads to easier dehydrogenation of the mol-
ecules and initiates surface explosion by creating vacancies in the oxygen layer by water formation. The 
molecules also must be anchored to the surface in order to avoid the desorption of the molecules from 
the surface upon annealing. Moreover, it could even weaken some of the C-C bonds in the benzene 
rings of the molecules allowing easier CO2 production. 
 
Many questions about the presented autocatalytic decomposition still need to be investigated. 
The first one is about the nature of the decomposition products: what is left from the molecules after 
explosion? Is it different on O/Cu than on normal Cu? Replacing certain C or H by their isotopes could 
answer this question and could even tell which H atoms leave during cyclodehydrogenation. 
In addition, not so much is known about adsorption footprint of organic molecules on oxygen/metal 
surfaces. From the literature, adsorption footprints of some of the analyzed molecules107,178,184 are only 
known on single crystals surfaces. However, this might have an impact on the autocatalytic decomposi-
tion. Then, the autocatalytic decomposition worked with Br but it should work with other halogens or 
any other functional groups which could easily dissociate and provide an anchor for the molecule on the 
surface, e.g. a C-N bond. This must be tested, together with the influence of the number of Br atoms 
and their positions should also be methodically investigated. Another question would be on the influ-
ence of the surface. The geometry of the oxygen layer will be different on Cu(110)232 or Cu(111)233,234. 
Does it have an impact on the explosion? Is the absence of an intermediate organo-metallic compound 
decisive for the observation of the explosion? The purity of the molecules might also influence the ex-
plosion. Would a few percent of Br[7]H in a layer of [7]H on a O/Cu(100) surface be enough to create an 
explosion? Finally, superenantiospecificity in autocatalytic surface explosion has been demonstrated for 
tartaric acid on a naturally chiral Cu(643) surface207. It would be interesting to see if the enantiospecificity 
is observed for Br-helicenes on a O/Cu(643), knowing that the vacancies in the oxygen are the limiting 
factor for the explosion.  
 
Even though many questions are still open, the impacts of this study can be manifold. At first, it 
should raise the awareness on the easy reduction capability of certain metal-oxides such as copper: in 
the race for surface functionalization for new devices, many chemical and coupling reactions are now 
studied on surfaces but this aspect is often neglected. Graphene was for instance produced on oxygen-
induced reconstructed Cu(111) by CVD of methane on a hot surface (1200 K)229. However, on O/Cu(100), 
it seems that part of the CuO, at least at the surface, is reduced to Cu by forming H2O. Furthermore, the 
present work on the autocatalytic combustion of PAHs on oxygen-covered surfaces is a new type of 




surface chemistry which include the surface coverage of oxygen in the mechanism. Oxygen is a common 
participant in numerous heterogeneously catalyzed reactions. This work could help improving our cur-
rent understanding of autocatalytic surface reactions as well a heterogeneous catalysis. 
 
 




IV. Curved polycyclic aromatic hydrocarbons 
IV.1. Introduction 
1.1 Geodesic polyarenes 
Buckybowls are curved polycyclic aromatic hydrocarbons made of an ensemble of pentagonal 
or hexagonal carbon rings. The curvature is based on the impossibility to contiguously place pentagons 
and hexagons in a plane235. A few examples are shown in Figure 71.  
 
Figure 71: Ball representations of a pentaindenocorannulene (a), monoindenocorannulene (b), C38H14 (c) and ter-
phenylcorannulene (d). C atoms are displayed in blue and H atoms in white. 
 
The first buckybowls, corannulene (C20H10), was synthetized in 1965236. Most of the bowl-shaped 
fullerene fragments encountered today have a basic core made of corannulene (having a pentagonal 
central ring) or sumanene, C21H12, (having a hexagonal central carbon ring). 20 years after the synthesis 
of corannulene, the buckminsterfullerene (C60) was discovered by Kroto, Curl and Smalley237, a finding 
for which they received the Nobel Prize in 1996.  
 
Understanding the self-assembly of buckybowls would be beneficial for various applications, 
especially in organic electronics: organic semiconductors13, photovoltaics14,15, light-emitting diodes16,17 
and thin film transistors18. All these devices require using the proper organic molecules which must 
provide an adapted work function to allow good charge carrier injection of the charge carriers between 
the electrodes and the device. This property strongly depends on metallic substrate-molecules interac-
tions19–22. Some of the buckybowls can also be useful for medical applications (toxin inhibitors25, drugs-
encapsulation26,27, nano-membranes fabrications28) or as precursors for carbon-nanotubes growth29,30. 
Some buckybowls such as pentaindenocorannulene are possible candidates for hydrogen storage23 or 
to act as fullerene receptors24. 
 




1.2 Previous work 
As shown in the literature, buckybowls are expected8,128,238–240 to adsorb on metal single crystals 
with a bowl opening-up configuration (tilted or not) because the higher electron density at the convex 
site causes strong electrostatic interactions with the metal surface. On the contrary, the interaction be-
tween the hydrogen atoms at the rim of the buckybowls and the surface is usually weak. 
 
In the case of five-fold symmetric molecules, at densely packed coverage, a tilt of the molecules 
is often observed. Self-assembly of five-fold symmetric objects is usually less favorable than with other 
symmetries because of their incompatibility with all 17 crystallographic plane groups. Therefore, if no 
steric hindrance forces the molecule to express its five-fold symmetry241, it is usually avoided, for exam-
ple by inter-digitation240 or by a substantial tilt of the molecule242. For instance, on Cu(110)8,128 and 
Cu(111)128, corannulene adsorbs with a slightly tilted configuration in order to maximize the vdW inter-
action and reduce the Pauli repulsion with the surface (which would not be the case if the molecule 
would adsorb bowl opening-up with its central five-fold axis perpendicular to the surface). This tilt gives 
to the molecule a way to reduce the mismatch between its five-fold symmetry and the symmetry of the 
surface. 
 
Tilting of buckybowls might be induced by vdW interactions between the convex side of a 
buckybowl and the metal surface. For instance, on Cu(100), Q. Stöckl at al.241 showed that monoindeno-
corannulene (MiC, C26H12) form rotational domains made of rows of tilted molecules with a (4,0;–1,4) 
unit cell. The adsorption footprint of MiC was determined via MM+ force field computation but could 
not be verified via STM measurements. According to computations241, the C1ν symmetry of MiC is com-
patible with the symmetry of the surface lattice so the molecule aligns along one of the symmetry axes 
of the surface.  
 
1.3 Goals and outline 
The goals of this chapter on curved polycyclic aromatic hydrocarbons are multiple. The para-
graph IV.2 reports on pentaindenocorannulene (PiC) on Cu(100). The self-assembly of this molecule is 
interesting because it can allow a better understanding of the fundamental principles of intermolecular 
interactions between five-fold symmetric corannulene derivatives. In this case, the incompatibility be-
tween the five-fold symmetry of PiC and the four-fold symmetry of Cu(100) might create an additional 
“stress” on the assembly. This study also aims to determine the influence of additional indeno-groups 
on the self-assembly by comparing the results on this molecule with those obtained for MiC. Thermally 




induced chemical modification of PiC will also be presented: the possible use of these molecules as 
precursors for carbon nanotube29 or graphene growth or even for the formation of endofullerenes243 is 
appealing.  
 
In a second part (paragraph IV.3), the self-assembly of other curved polycyclic aromatic hydro-
carbons will be presented to explore aspects of molecular recognition such as the influence of concave 
and convex sides in intermolecular interactions between buckybowls. Monoindenocorannulene, ter-
phenylcorannulene (both with Cs symmetry) and C38H14 (C2ν symmetry) will be studied. In these three 
cases, MM and EHT studies will be used to improve the understanding of adsorption and intermolecular 
interactions, needed to adjust the physical properties of organo/metallic systems for organic electronics. 
 
IV.2. From curved to flat PAH via on-surface chemis-
try: pentaindenocorannulene on Cu(100) 
Pentaindenocorannulenexxxiv (PiC, C50H20, Figure 71) is the largest open geodesic PAH discovered 
so far and its curvature is larger than C60244. It is made of a corannulene core and five indeno-groups and 
belongs to the C5v point group (symmetry operations: vertical reflection plane and rotation by 
¡¢ ). Mo-
lecular packingxxxv of PiC in the bulk (3D crystallization) was studied5 : it forms infinite columns made of 
dimers based on convex to concave π-π interactions. 
 
2.1 Saturated ML coverage  
The mobility of PiC at room temperature on Cu(100) is low. However, self-assembly of these 
molecules close to monolayer (ML) coverage was already observed at room temperature (Figure 72) 
without the need of any annealing. No change in the self-assembled structure was observed after an-
nealing up to 473 K. However, slight annealing yielded larger domains. All STM images presented in this 
paragraph were measured at RT. Note that the tip drift at this temperature is larger than at 50K and the 
                                                     
xxxiv Information concerning bowl-to-bowl inversion barrier, bonds length and various parameters on this molecule 
can be found in267. 
xxxv Solid state molecular packing of curved aromatic compounds could be classified into three different categories 
(bowl-in-bowl stacking with all columns oriented toward the same direction or opposite directions or no columnar 
arrangements at all). The packing mode depends on the length and depth of the bowls. The interested reader can 
find information in ref.268. 




resolution can also be affected by the relatively high temperature (molecular vibrations, higher mobility 
of the molecules or lower stability of the assembled structures). 
 
Figure 72: Large scale STM images of different coverage of PiC deposited on Cu(100) kept at RT. (a) θ = 0.02 ML 
(165.3 nm × 165.3 nm, 25 pA, 3.08 V): a few molecules are observed on the surface and steps edges. (b) θ = 0.70 
ML (179.8 nm × 179.8 nm, 25 pA, 2. 839 V): A few ordered domains surrounded by disordered area are observed. 
(c) θ = 1.30 ML (100.2 nm × 100.2 nm, 2.62 V, 25 pA): ordered domains cover all the surface. 
 
The assembly is made of rows of molecules (Figure 73). Perpendicular rotational domains are 
observed (Figure 73b): it corresponds to the C4 symmetry of the Cu(100) surface. This large-range or-
dered structure is observed already at room temperature (Figure 73 and Figure A. 18 in the appendix) 
and persists after annealing to 473 K (Figure A. 17 and Figure A. 18). 
 
 
Figure 73: STM images of PiC deposited on Cu(100) kept at RT, showing ordered structures at ML coverage. (a) In 
each domain, single molecules arrange in rows. Each building block of the row has a non-symmetric contrast with 
a brighter protrusion on one side (13.3 nm × 13.3 nm, 2.3 V, 24 pA). (b) The molecules arrange in rotational domains 
which are perpendicular to each other (29.7 nm × 29.7 nm, 2.6 V, 25 pA). The asymmetric contrast of each molecule 
is also visible in this case. 
 
In each rotational domain, the single molecules are oriented in the same direction and have a 
non-uniform contrast: a round lobe with a bright protrusion on one side (Figure 73a). A comparison with 




EHT simulations (Figure 74) of four possible adsorption configurations allows to exclude the bowl open-
ing-up and bowl opening-down configurations. On the electron density maps of the frontier orbitals, 
the bright off-centered protrusion is only observed if the molecule adsorbs in a tilted configuration. Five-
fold symmetric objects usually try to avoid keeping their five-fold symmetry in their self-assembly by 
inter-digitation or by a tilt of the molecule242 for example. PiC tilt on Cu(100) at saturated ML coverage. 
 
 
Figure 74: (a) Small scale STM image of the self-assembly of PiC deposited on Cu(100) kept at RT (9.3 nm × 9.3 nm, 
–2.18 V, 25 pA). Inset: high-resolution STM image of a few PiC molecules arranged in ordered row (4.8 nm × 4.8 nm, 
–3.08 V, 26 pA, no annealing). (b) Molecular drawings of the four possible adsorption footprints of PIC and their 
corresponding electron density maps (cutoff: 0.001 e/Å3) of the frontiers orbitals (Left: states 107-110 Ext. Hückel, 
HOMO to HOMO-4; Middle: states 111-114 Ext. Hückel, LUMO to LUMO+4). The green rectangle highlights the 
electron density map which has a similar contrast as a single molecule contrast in the STM images. 
 
In addition, the STM image with sub-molecular resolution show that the bright off-centered 
protrusion is made of only one lobe and not of two (Figure 74). Therefore, the overall contrast of a 
molecule corresponds better to the electron density maps of a molecule adsorbed with two indeno-
groups on the surface and one indeno-group pointing up.  
 
This adsorption configuration observed experimentally is confirmed by theoretical calculations. 
MM and DFT simulations both reveal (Figure 75) that the relaxed molecule adsorbs with two indeno-
groups on the surface (independently of the initial configuration of the molecule on the surface). How-
ever, the hexagonal rings labeled 1, 2 and 3 in the Figure 75 are situated on top of hollow sites in DFT 
and on on-top sites in MM. Many aromatic hydrocarbons were found to adsorb above hollow sites on 
copper129,130. It was already demonstrated in ref.67 (paragraph III.2) that such simple MM calculation was 
not reliable enough to determine precisely the adsorption site of the molecule on the surface. The MM 
calculations were performed on 216 randomly chosen initial configurations. In the lowest energy con-
figuration, two indeno-groups are parallel to the surface with a minimum surface-molecule distance of 




3.6 Å, substantially larger than the 2.2 Å calculated with DFT. In the DFT configuration, the two indeno 
groups are also almost parallel to the surface, but their terminal ends are slightly lifted upward. A similar 
difference in the surface-molecule distance was observed by comparing MM and DFT results for MiC69. 
It is justified by the classical nature of MM which cannot account for electronic polarization effects, 
proven to be important for the adsorption mechanism of buckybowls on metal surfaces69. 
 
Figure 75: Most favorable configuration of a single PiC on 4 layers of Cu(100) obtained with DFT calculations (a) 
and molecular mechanics (b). With DFT (calculations performed by Dr. L. Zoppi), the hexagonal rings 1, 2 and 3 of 
the relaxed molecule adsorb on top of hollow sites at about 2.2 Å distance from the top copper layer (The atoms 
under these C6 rings are 2nd layer atoms below the top layer). With MM, the molecule adsorbs with the rings on on-
top sites, at about 3.6 Å above the copper atoms. 
 
Similarly to what was calculated with DFT for monoindenocorannulene69 (paragraph IV.3.1), the 
planar projection of the density of states (Figure A. 19b in the appendix) indicates no charge transfer 
between the molecule and the copper surface. However, the charge density plot perpendicular to the 
surface (Figure A. 19c in the appendix) shows strong charge reorganization: charge depletion in the 
molecular region and accumulation of charge underneath the molecule. This is also shown in the DFT 
model (Figure A. 19a in the appendix). This charge-redistribution, also called cushion effect132–137, is re-
sponsible for the creation of a large interface dipole (7.4 D) which is similar to what was found for MiC69 
(7.5D). Thus, the adsorption with one or two indeno groups on the surface does not influence much the 
strength of the observed electronic polarization effect. In both cases, the Pauli repulsion lifts the terminal 
ends of the indeno groups away from the metal surface. The interface dipole is the same for MiC and 
PiC, but the binding energy, calculated with DFTxxxvi, is much larger for PiC (5.7 eV) compared to MiC (3.4 
                                                     
xxxvi Unfortunately, this energy cannot be calculated using MM, which is powerful to compare molecular configura-
tions on surfaces67–69 with different initial parameters but these results cannot be compared with the energies of the 
individual components (surface and molecule separately) due to their different potential energy surfaces269,270.  




eV). The comparison with two naphthalene molecules reveals, as will be shown for MiC69 in paragraph 
IV.3.1, that the adsorption footprint of PiC on Cu(100) is mainly defined by Pauli repulsion. Naphthalene 
also experiences Pauli repulsion and has an adsorption energy of 0.9 eV. It implies that the vdW contri-
bution for two naphthalene molecules is lower than 1.8 eV. Comparing the total adsorption energy of 
PiC (5.7 eV) to this value suggests that Pauli repulsion dominates. PiC is another example of strong non-
bonding interaction with pronounced Pauli repulsion between buckybowls and metal surfaces245. 
 
 
Figure 76: (a) Molecular model of one of the rotational domains based on the experimental observations and the 
adsorption footprint calculated theoretically. The red C6 ring is used in each molecule to highlight the indeno-group 
pointing up, corresponding to the bright protrusion in the STM images. (b) Superposition of the model on a STM 
image (15nm × 15nm, –3.08 V, 26 pA, no annealing). 
   
Molecule Monoindenocorannulene241 Pentaindenocorannulene 
Indeno-groups 1 5 
Symmetry C1ν C5ν 
Self-assembly 
rows of single molecules 
 4 0−1 4 
rows of single molecules 
 4 0−2 4 
Area/ molecule [Å/molecule] 104 104 
Adsorption footprint 
Tilted adsorption: bowl up with 
the indeno-group parallel to 
the surface 
Tilted adsorption: bowl up 
with two indeno-groups par-
allel to the surface 
Table 9: Comparison of the structural parameters of the MiC and PiC self-assembly on Cu(100) 
   
  The matrix notation of the adsorbate structure on Cu(100) is (4, 0; –2, 4). The model is displayed 
in the Figure 76a and fits well with the STM measurements (Figure 76b). Although the symmetry and 




consequently the adsorption footprint of PiC and MiC on Cu(100) are different, the structure formed by 
PiC is similar (Table 9) to the one adopted by MiC on Cu(100)241, discussed in the paragraph IV.1.2. This 
work also reveals that MM computations give similar results as DFT for PiC, a curved PAH for which 
molecule-metal interactions are more complex to model than for planar PAH. As already shown for 
[5]H67, the determination of the precise adsorption site requires computationally expensive DFT calcula-
tions. Note that, even with DFT, the binding energy with the surface seems to be overestimated: 5.7 eV 




Figure 77: (a-c) hypothetical steps in the PiC post-annealing dehydrogenation which could lead to the creation of 
a CNT end 
 
On copper surfaces, post-annealing dehydrogenation246,247 or even cyclodehydrogenation of hy-
drocarbons has been reported, e.g. for 10,10’-dibromo-9,9’bianthracene192 or tetraphenylporphyrin174. 
This occurs preferably at sites where several hydrogen atoms are close to each other and strongly repulse 
each other. A closer look at the configuration of PiC at saturation coverage, indicates that the two hy-
drogen atoms highlighted in red in the Figure 77 are close and are possible candidates for cyclodehy-
drogenation. By removing the two hydrogens atoms (red encircled), a bond between the two carbon 
atoms of the two adjacent indeno-groups might be formed (Figure 77b). Subsequent steps could even 
lead to the formation of a carbon nanotube end of controlled structure (Figure 77c). Unfortunately, an-
nealing at higher temperatures (623 – 673 K) destroyed the well-ordered self-assembly. Further anneal-
ing to 773 K led to the formation of a non-uniform structure (Figure 78) made of areas with mobile 
molecules, graphene (green arrows) and defects (structures resembling to the appearance of C60 in STM 
248: blue arrows). This non-uniform structure is not ideal for carbon nanotubes growth and could maybe 
be avoided by reducing the coverage.  
 





Figure 78: STM image (9.3 nm × 9.3 nm, 25 mV, 70 pA) obtained after deposition of PiC on Cu(100) and annealing 
to 773 K. The green arrow indicates normal graphene and blue arrows point to graphene defects. These structures 
are surrounded by disordered areas. This image was acquired at 295 K. 
 
2.2 Non-saturated coverage: from curved to flat molecules 
Because annealing at high coverage did not give successful results for on-surface chemistry, 
lower coverage was investigated. Single molecules can already be measured at RT due to their low mo-
bility at this temperature. However, low-temperature allows for more stable imaging conditions and 
many of the images presented in this paragraph were acquired at 50 K. The single molecules were evap-
orated on a sample kept at room temperature and then cooled down for measurements. 
 
2.2.1 Adsorption footprint of single molecules at very low coverage (θ << 0.3 
ML coverage) 
At low coverage, the molecules populate the steps boundaries and adopt different adsorption 
footprints (Figure 79). On the flat terraces, most of the molecules have a flower-like contrast: a dark 
central core surrounded by five lobes with a homogeneous brightness (Figure 79 and Figure 80). Based 
on the electron density maps of the frontier orbitals calculated with EHT and presented in Figure 74, 
they can be identified as bowls opening-up. Note that a close-up of these bowl-up molecules (Figure 
80b) shows that all lobes do not have exactly the same brightness: for some molecules, two lobes appear 
brighter whereas for the other molecules, four lobes appear brighter. This difference might be explained 
by the mismatch between the five-fold symmetry of the PiC and the four-fold symmetry of Cu(100). This 
most-observed bowl-up adsorption footprint is not compatible with the configuration which was ob-
served for a closed-pack layer. 
 




Some of the PiC also adsorb with a tilted configuration at low coverage (Figure 80a, c, d, e). They 
have, in this case, one lobe which is much brighter and their contrast corresponds to the adsorption 
footprint with two indeno groups on the surface, as observed at ML coverage (Figure 74). This tilted 
configuration is encountered when the molecule adsorbs close to contamination or defects (Figure 80c) 
or close to another molecule, e.g. bowl-up (Figure 80d) or bowl-down (Figure 80e). Furthermore, a few 
molecules appear as large bright protrusions (Figure 80e, Figure 80f). Sometimes, five darker legs are 
observed around the central protrusion. These molecules seem to correspond (Figure 74) to bowls open-
ing-down. They are rarely observed on the flat terraces but more often observed at the steps. 
 
 
Figure 79: STM images (measured at 50 K, a: 100 nm × 100 nm, –2.6 V, 30 pA, b: 60.9 nm × 60.9 nm, 3.0 V, 30 pA) 
obtained after low coverage deposition of PIC on Cu(100). The steps are occupied with molecules having different 
adsorption footprints. On the flat terraces, most of the molecules look like flowers with five lobes of the same 
brightness. 
 
In conclusion, the tilted configuration observed for a closed-pack layer was induced by intermo-
lecular interactions. Single molecules adsorb preferentially with the bowl opening-up despite the mis-
match between their five-fold symmetry and the C4 symmetry of the substrate. This mismatch leads to 
the redistribution of the electrons among the five legs of the molecules as observed with STM (different 
brightness in the lobes, i.e. a non-symmetric DOS). As mentioned previously, five-fold-symmetric objects 
usually avoid keeping their symmetry on surface, except if steric hindrance is involved due to the mo-
lecular structure242. It is not the case for PiC because they tilt as soon as they find another defect or 
molecule on the surface. The reason for this absence of tilt at low coverage is not clear. Without external 
interaction, the strong Pauli repulsion between the metal surface and each indeno-group (so called-
cushion effect, Figure A. 19 in the appendix) might stabilize the PiC in the bowl opening-up configura-
tion. It could also be that the molecules are stabilized by copper adatoms. In addition, the higher electron 
density at the convex site of a PiC can cause strong electrostatic interactions with the metal surface 




which could stabilize a single molecule. The bowl opening-up adsorption contrasts with the results (Fig-
ure 75) obtained by both DFT and MM on Cu(100) which predicted a tilted configuration for a single 
molecule. Even DFT encounters difficulties to model the non-bonding interactions between metals and 
organic aromatic molecules with curved π-conjugation. It also reflects in the really high value of the vdW 
interaction between PiC and surface, calculated to be 5.7 eV.  
 
 
Figure 80: (a) Large scale STM image with PiC molecules adsorbed in three different configurations highlighted with 
blue, red and black rectangles. By comparing with the EHT electron density maps presented in Figure 74, the ad-
sorption configurations can be determined. (b-d) Most of the molecules adsorb with five lobes pointing up (black 
rectangle in (a)) as presented in the molecular model of the bowl opening-up. Two contrasts are observed: molecules 
have either two or four brighter lobes. (e-g) A certain number of molecules adsorb with a tilted configuration (red 
rectangles in (a)), corresponding to the adsorption footprint with two indeno-groups parallel to the surface, as 
observed at saturated ML coverage. This tilted footprint is observed when the molecule adsorbs close to contami-
nation or defects (e), another molecule bowl-up (f) or another molecule bowl opening-down (g). (f) A few molecules 
like the two presented here or in the blue rectangle in (a), adsorb with the bowl opening-down configuration (bright 
protrusion in the center). (Measuring parameters, at 50 K: a: 31.9 nm × 31.9 nm, 3.0 V, 30 pA; b: 2.5 nm × 2.5 nm 
(top) and 2.6 nm × 2.6 nm (bottom), 3.0 V, 30 pA; c: 5.9 nm × 5.9 nm, 3.0 V, 30 pA; d: 7.5 nm × 7.5 nm, 3.0 V, 30 pA; 
e: 7.6 nm × 7.6 nm, 3.0 V, 30 pA; f: 6.9 nm × 6.9 nm, 3.0 V, 30 pA).  
 
2.2.2. On-surface chemistry at low coverage (θ << 0.3 ML coverage): from 
curved to flat PAH  
Thermally induced on-surface chemistry was performed at low coverage. At 503 K, conforma-
tional changes are observed for a small number of PiC (Figure 81a). The modified molecules are flat and 
have a star-like shape, with five or six lobes, sometimes forming dimers (Figure 82a, b, c). Annealing to 
513 K leads to a larger number of flat stars but a few of them are still intact. At 530 K, all molecules are 
transformed. Regardless of the annealing temperature, one can also observe the presence of a few mol-
ecules with a large bright central protrusion which might correspond to bowl opening-down molecules. 
The abundance of the three kinds of molecules was evaluated (Figure 81). The proportion of large bright 




molecules is constant (in the limit of the error bars) and all the normal PiC are converted into flat starts 
by annealing. 
 
Figure 81: STM images (b-d) of PiC at low coverage on Cu(100) after annealing at different temperatures and their 
corresponding graph (a) showing the evolution of the three observed species as a function of the temperature. The 
statistic was done on 1352 molecules on 9 different images (3 per annealing temperature). (b) After annealing at 
503 K: PiC with bowl opening-up (or tilted) configuration (orange) are dominating and a few bowls opening-down 
are observed. Due to annealing, a few flat star-like molecules with five or six lobes are observed (white). (c) After 
annealing at 513 K: flat molecules are the majority. A few bowls opening-up and opening-down are still observed. 
(d) After annealing at 530 K: a few bright molecules (probably opening-down) are still observed and all the other 
molecules transformed into flat stars. (Measuring parameters, at 50 K: b: 26 nm × 26 nm, –3.1 V, 28 pA; c: 51.4 nm 
× 51.4 nm, –0.3 V, 30 pA; d: 39.8 nm × 39.8 nm, –1.8 V, 24 pA). The letters (b), (c) and (d) in the graph (a) correspond 
to the STM images. 
 
The formation of C-C bonds174,192 between indeno groups, the formation of organometallic com-
pounds249 and the breaking of a covalent bonds250 are reactions which can all be induced, by thermal 
energy, on a copper surface. EHT density maps of the HOMO and LUMO of molecules which could 
possibly be created by annealing were modelled (Figure 82d). On the STM images, the modified star-
shaped molecules are quite flat and no prominent bright protrusion is observed which rules out the 
models with newly created C-C bonds between the indeno groups. In addition, the overall shape of a 
molecule suggests that the flattening occurs via the rupture of 1 or 2 C-C bonds mediated by an eventual 




organometallic bond. In the Ext. Hückel models (Figure 82d), the compounds with two broken C-C bonds 
(green rectangle), leading to flat molecules, seem to have the most similarities with the STM contrasts 
of the flat star (angle between the two legs with the largest separation, presence of an extra lobe in the 
HOMO but not in the LUMO). The presence or absence of Cu adatoms cannot be confirmed due to the 
similarities of the electrons density maps with or without a Cu metal atom. The breaking of 1 or 2 C-C 
bonds will be confirmed by TOF-SIMS in later experiments. 
 
Figure 82: STM images showing the most frequent species of flat molecules: flat molecules with five (b) and 6 lobes 
(c) are the most encountered. Some molecules form dimers made of two flat molecules (a). (d) EHT electrons density 
maps of the frontiers orbitals (HOMO to HOMO-3 or LUMO to LUMO+3) of different possible species formed after 
annealing and corresponding to the STM contrasts. A flat molecule seems to correspond to the EHT contrasts of a 
molecule with two broken C-C bonds (green rectangle). It is not clear whether it is an organometallic compound or 
not. (Measuring parameters, at 50 K: a: 6.5 nm × 6.5 nm, –1.7 V, 24 pA; b: 8.4 nm × 8.4 nm, –1.8 V, 24 pA, c: 6.5 nm 
× 6.5 nm, –1.8 V, 24 pA). For the EHT maps, the electron density cutoff is 0.001 e/Å3 and 0.0004 e/Å3 for organic and 
organometallic compounds respectively.  
 
Further annealing between 530 K and 624 K did not lead to further apparent changes in the flat 
molecules (see for example the Figure 83a at 617 K). Annealing above 643 K (see Figure 83b at 643 K) 
led to the polymerization of the molecules and to the formation of chains made of molecular fragments 
(see Figure 83c at 678 K). 





Figure 83: STM images of PiC on Cu(100) at low coverage, after annealing at high temperature. (a) After annealing 
at 617 K: the molecules still have the flat star shape except a few which appear as bright protuberances. (b) After 
annealing at 643 K: The molecules start to polymerize. (c) After annealing at 678K: Long chains of polymerized 
molecular fragments are observed. They are at least dehydrogenated as will be shown with TDS in the paragraph 
2.2.4. (Measuring parameters: a: 25.2 nm × 25.2 nm, –2.7 V, 29 pA; b: 67.2 nm × 67.2 nm, –1.8 V, 30 pA; c: 46.3 nm 
× 46.3 nm, –2.6 V, 30 pA).  
 
2.2.3. Adsorption footprint and on-surface chemistry of single molecules at 
higher coverage (0.3 ML < θ < 0.7 ML coverage) 
At larger coverage (Figure 84a), many molecules in a bowl-up configuration are observed 
(flower-like appearance), but a few molecules have the opening-down configuration (round with bright 
appearance). After annealing at 530 K (Figure 84b), many molecules tilt. After heating up to 543 K (Figure 
84c), almost all molecules are tilted and start to form lines of molecules in the same direction. Ordered 
domains made of lines of tilted molecules fitting into each other are visible after annealing at 597 K 
(Figure 84d). However, it is not clear until which temperature the molecules stay intact.  
 
Figure 84: STM images of PiC on Cu(100) at a moderate coverage 0.3 ML < θ < 0.7 ML. (a) Without annealing, most 
of the molecules are bowl-up. (b) After mild annealing to 530 K, most of the molecules are tilted. (c) Annealing to 
543 K lead certain molecules to form lines. (d) Higher annealing at 597K drives the formation of ordered structures 
made of molecules fitting into one another. (Measuring parameters, at room temperature: a: 50.1 nm × 50.1 nm, –
2.8 V, 30 pA; b: 40.8 nm × 40.8 nm, –3.0 V, 27 pA; c: 47.3 nm × 47.3 nm, –2.6 V, 30 pA; d: 29.0 nm × 29.0 nm, –2.3 V, 
30 pA). This was measured at room temperature. 
  




2.2.4. XPS and TDS measurements 
Dehydrogenation was measured by acquiring a H2 TD spectrum (mass 2 amu). To do so, a flash 
annealing (3 sec) of the sample, initially at RT, was done just before the experiment to avoid a burst in 
the measured signals due to the hot filament of the heater. This led to a temperature increase of about 
20 K on the sample. The temperature was then set and maintained for 2 minutes to an initial temperature 
(373 K for 1 ML and 423 K for the other coverages) which was then ramped up to 873 K at a constant 
heating rate. 
 
Figure 85: (a) TD spectrum of PiC on Cu(100) for different molecular coverages at a heating rate of 180 K/min. The 
temperature was set to 423 K and then ramped up to 873 K, except for 1 ML where the initial temperature was 373 
K. (b) XP spectrum of 0.39 ML of PiC on Cu(100) after annealing for 15 min at different temperatures. The C1s peak 
observed at 284.6 eV after molecular adsorption shifts to lower energies due to the C-H bond breaking and the 
stronger binding of the molecules with the surface or with copper adatoms (formation of organometallic species) 
224,225. At 798 K, the peak switches back to higher energy due to the formation of graphene251.  
 
Three peaks are observed in the TD spectra at all coverages. Their intensities decrease with the 
coverage. Note that a raise of the signal is always visible shortly after the beginning of the TDS, inde-
pendently of the initial annealing temperature (see signal for 1 ML with respect to the others in Figure 
85a). This increase is also found on a clean sample (Figure A. 20, appendix) and therefore comes from 
the annealing of the sample holder, i.e. the background. The raise of the signal around 873 K is also 
coming from the holder, i.e. it becomes so hot that everything degases. The first peak is small and hap-
pens around 551 K at 1.4 ML coverage and a bit below for the smaller coverages. It corresponds approx-
imately to the annealing temperature to obtain flat molecules (between 503 K and 530 K, as observed 
with STM). This dehydrogenation occurs, as expected, at lower temperature and with a smaller intensity 
for a lower heating rate (Figure A. 20, appendix) because the desorption is modeled by an Arrhenius law 
called Polanyi-Wigner equation45,46. It means that during the long annealing before the STM measure-
ments (at least 15 min), the first dehydrogenation occurs before 551 K: probably during the formation 




of the flat stars. The second peak transforms from a well-defined peak around 673 K at high coverage 
into a large step with two bumps a low coverage. This second peak corresponds to the dehydrogenation 
steps which are involved during the polymerization of the molecules into chains (Figure 85a, Figure 86). 
The third peak, observed at around 773 K, is the last dehydrogenation step of the molecules, which 
occurs during the formation of graphene (Figure 85a, Figure 86). 
 
Figure 86: TD spectrum of PiC on Cu(100) for different sub-molecular coverages at a heating rate of 3 K/s. The 
temperature was set to 423 K and then ramped up to 873 K. On top, six STM images of the various structures 
obtained after a fifteen-minutes annealing at different temperatures (indicated with a dashed line on the graph) are 
displayed. The structures observed for a coverage smaller than 0.31 ML are framed in gray area whereas the struc-
tures obtained at larger coverage (0.31 < θ < 0.77 ML) are framed in black. (From left to right: Top: 20.3 nm × 20.3 
nm, –2.3 V, 20 pA, no annealing, measured at RT; 14.7 nm × 14.7 nm, –2.3 V, 30 pA annealing at 597 K, measured at 
RT; 5.6 nm × 5.6 nm, 25 mV, 70 pA, annealing at 773 K, STM Specs Aarhus 150 measured at 295 K; Bottom: 31.9 nm 
× 31.9 nm, 3.0 V, 30 pA, no annealing, measured at 50 K; 20.7 nm × 20.7 nm, –1.8 V, 24 pA, annealing at 530 K, 
measured at 50 K ; 46.3 nm × 46.3 nm, –2.6 V, 30 pA, annealing at 678 K, measured at 50 K). 
 
XPS measurements after annealing at different temperatures are presented in the Figure 85b. At 
room temperature, a broad C1s peak at 284.6 eV is observed, consistent with the adsorbed PiC mole-
cules. The transformation of the molecules below 643 K is not observed with XPS. Starting from 683 K, a 
shift to lower energy is observed. A shift to lower energy can correspond to the formation of Cu-C 
bonds224,225 because Cu is less electronegative than C41. The peak shifts back to higher energy at 798 K 
for θ << ML and only at 873 K above ML coverage (Figure 85b and Figure A. 21) due to the formation 




of graphene251. No explanation for this difference in temperatures depending on the coverage was found 
for the last dehydrogenation. In TDS, the dehydrogenation temperatures for the different observed steps 
also decrease with the coverage. 
 
2.3 Conclusion 
PiC on Cu(100) shows different adsorption footprints depending on the coverage. At extremely 
low coverage, the molecules have enough space to adsorb on the surface far away from each other and 
intermolecular interactions are negligible. In this case, PiC adsorbs bowl opening-up with its C5 rotational 
axis perpendicular to the surface. However, at saturated monolayer coverage, intermolecular interactions 
are at play. It results in the adsorption of PiC with two indeno-groups parallel to the surface. Their as-
sembly looks like the one observed for MiC which has only one indeno group instead of five. 
 
 Thermally induced on-surface chemistry (at 503 K) provides, at low coverage (θ < 0.3 ML), 
enough energy to break C-C bonds. It leads to the on-surface formation of flat star-shape molecules. 
Unfortunately, PiC are not the right precursor for CNT growth as in ref.29. The stars could however be 
used as a precursor for growing 2D materials such as graphene198. The dimers are oriented toward the 
same direction but they are tilted with respect to each other due to CH-π inter-dimers interactions be-
tween the different columns. It would be interesting to form functional layers on surface by trying to 
intercalate compounds between two PiC or as a precursor for endofullerene formation. PiC were already 
studied for possible applications in hydrogen storage23 or to act as fullerene receptors24. At higher cov-
erage (0.3 ML < Θ < 0.7 ML), annealing leads to the formation of rows of molecules fitting into one 
another. Dehydrogenation and C-C bonds breaking are also observed in this case. 
 
It would be interesting to anneal PiC on other metal surfaces such as Ag and Au to determine 
the catalytic influence of the surface on the reaction products of the thermally-induced reaction. 
 
IV.3. Modelling of other curved polycyclic aromatic 
hydrocarbons  
The STM images presented in this paragraph were recorded by Q. Stöckl at Empa. Only the 
modelling was part of this thesis. 
 




3.1 Monoindenocorannulene on Cu(111)  
MiC (C26H12, Figure 71) self-assembly and adsorption footprint were studied on Cu(111)xxxvii to 
be compared with the results obtained previously for corannulene on Cu(111)128. MiC adsorbs with a 
slightly tilted configuration to maximize the vdW interaction and to reduce the Pauli repulsion with the 
surface. For MiC, the addition of an indeno group to the corannulene core breaks the five-fold symmetry 
(only one mirror plane is remaining) and reduces the bowl depth.  
 
Figure 87: STM images (a-e) of the self-assembly of MiC on Cu(111) and corresponding models (f-g). (a) Rotational 
and mirror domains made of a zigzag structure (80 nm × 80 nm, –1.2 V, 129 pA, 63 K). (b, c) STM image (1.36 nm × 
1.26 nm, –1.1 V, 179 pA, 85 K) of a single molecule with the superimposed molecular model (c). (d, e) STM images 
(d: 20 nm × 20 nm, –1.2 V, 129 pA, 63 K; e: 12 nm × 12 nm, –1.1 V, 238 pA, 65 K) of a zigzag domain with different 
measuring parameters. (f, g) Possible models of the (5, 1; 2 7) domain according to the STM images and the adsorp-
tion footprint computed via DFT calculations. The first model has molecules sitting on different adsites (f) and the 
other model has molecules adsorbing on the same sites but non-homogeneously distributed in a unit cell (g). A unit 
cell is indicated with the rectangle with arrows.69 
The self-assembly of MiC on Cu(111) consists of domains made of parallel zigzag rows of tilted 
molecules (Figure 87a-e). The matrix notation of the ordered structure is (5, 1; 2, 7). Adjacent molecules 
in a zigzag row have a different contrast which might be due to different tilt angles of the molecules 
with respect to the surface or to a different adsorption sites for each of the two molecules in a unit cell. 
This information can unfortunately not be obtained by STM imaging. However, the STM allows to dis-
tinguish a benzo moiety from the rest of a MIC molecule and to observe that this indeno group lies more 
or less parallel to the surface. 
                                                     
xxxvii Most of the results presented in this paragraph were published in ref.271. 





Figure 88: (a, b) Top and side view of the DFT(calculations performed by Dr. L. Zoppi.) and AMBER-force field models 
of a MiC on Cu(111). The DFT model was done with a optB86-vdW functional which account for the dispersion 
effects (a). The MM optimized configuration presented in (b) was the minimum-energy obtained after optimization 
of 216 initial configurations. (c, d) Charge redistribution calculated with DFT. (e) DOS of a single MiC compared with 
the DOS of an MiC on Cu(111) : the electronic states of the adsorbate all match with an electronic state of the single 
molecule. (f) Linear electron density perpendicular to the surface, revealing an accumulation of charges at the sur-
face-molecule interface and a depletion in the molecule.69 
 
The tilted adsorption footprint was also obtained with both AMBER and DFT calculations. DFT 
calculations yielded a minimum energy configuration, shown in Figure 88a, with an adsorption energy 
of 3.4 eV and a minimal distance to the surface of about 2.0 ± 0.2 Å. AMBER-force field calculation led 
to a similar tilted adsorption configuration with the indeno-group on top of a 3-fold hcp hollow site 
(Figure 88b). In addition, the minimum molecular-surface distance is calculated to be 3.48 Å with MM 
which is higher than what was found with DFT. Note that the indeno group is parallel to the surface with 
MM whereas it is slightly lifted-up with DFT. In order to explain this difference, the charge redistribution 
around a single molecule on copper was investigated with DFT. Both the DFT models and the electron 
density plot perpendicular to the surface (Figure 88c, d, f) show a strong charge redistribution due to 
Pauli repulsion with an accumulation of the charges on the sides and below the molecule. A depletion 
of the charge is also observed in the top most layer of the copper substrate. Consequently, a depletion 
of charge is observed in the molecule. This effect is known as cushion effect132–137. Note that the charge 
rearrangement is much more pronounced around the indeno group and explains the final distance be-
tween the indeno group and the surface computed with DFT. The charge redistribution also creates a 




large interface dipole moment of 7.5 D (the intrinsic dipole of MiC being 2.9 D). This large dipole is not 
induced by charge transfer as can be seen in the projected density of states in Figure 88e. In the case of 
corannulene on Cu(111), the interface dipole moment was 6.8 D with an intrinsic dipole moment of 2.2 
D. It means that the difference of the intrinsic dipole moments between MiC and corannulene is the 
same as in between their interface dipoles.  
 
Interface dipoles induced by charge rearrangement have already been observed for corannu-
lene-derivatives245. It means that upon adsorption of a curved PAH on surface due to vdW interactions, 
the surface metal charge is pushed away: Pauli repulsion is at play. A balance between both interactions 
is responsible for the final adsorption footprint on surface. To know which of the two contribute the 
most, a comparison of the indeno group with naphthalene can be done. The adsorption energy of this 
molecule on Cu(111) was found to be 0.9 eV. Knowing that this system also shows Pauli repulsion, the 
upper limit of the vdW force is 0.9 eV. Compared with the binding energy of 3.4 eV obtained for MiC, 
adsorbing with its indeno group on the surface, it means that the Pauli repulsion contributes the most 
in this case.  
 
The adsorption footprint obtained with DFT was then used in parallel with the STM images to 
model the self-assembled structure. Two models with the correct periodicity are presented in the Figure 
87f, g. One (Figure 87f) is made using different adsorption sites for the two molecules in a unit cell while 
the second one (Figure 87g) has identical adsites for all molecules but a non-uniform distribution in the 
unit cell. It is not clear whether this non-uniformity would be induced by a constraint coming from the 
substrate or by intermolecular interactions, e.g. a dimer modeled with MM suggests the presence of CH-
π interactions (Figure A. 22 in the appendix). STM does not allow to say which of the two models is 
correct but RAIRS could give more information about the orientation of the molecules on the surface.  
 
In conclusion, MiC adsorbs on the surface with a tilted configuration, assembled into zigzag lines 
with different brightness. Their spontaneous ordering is induced by a complex balance between vdW 
and Pauli interactions with the metal surfaces as well as intermolecular interactions. The Pauli repulsion 
is responsible for a charge redistribution in the surface, as observed for PiC on Cu(100), and this influ-
ences the tilt angle of the molecule on the metal surface. The induced interface dipole, which does not 
involve charge-transfer, is large. It is on the order of what is found for adsorption of alkali metal on metal 
surfaces138–140. Such large charge redistribution was only reported for curved PAH so far. For planar 
PAH132–137, the effect is much smaller. This work allowed to demonstrate how important the charge-
induced polarization effects in the modelling of such curved PAH are. The motivation to compare both 
DFT and MM modelling techniques came from the pentahelicene case (paragraph III.2) where both gave 




a pretty similar final molecular configuration on Cu(111)67. Unfortunately, MM is based on classical me-
chanics which is not able to account for polarization and charge redistribution explaining the different 
adsorption footprint and the larger molecular to surface distance. MM predicted the correct tilted con-
figuration, but many differences were obtained compared to DFT (footprint, surface to molecule dis-
tance…). 
 
3.2 C38H14: a C70 fragment molecule on Cu(111) 
C38H14 (Figure 71) is a quasi-fragment of a C70 fullerene and has C2ν symmetry. As already men-
tioned, buckybowls are expected8,68,128,238–240 to adsorb on metal single crystals with a bowl opening-up 
configuration. Nevertheless, below ML coverage, C38H14 on Cu(111)xxxviii arrange in large ordered motifs, 
containing a few molecules with an opening-down configuration (Figure 90). MM modelling aims to 
explain the reason for this behavior. The STM images were acquired at 60 K. 
 
Figure 89: (a) STM image of C38H14 on Cu(111) at low coverage (60 nm × 60 nm, 0.7 V, 168 pA). In the islands, the 
molecules are self-assembled. Close-up 'STM views' onto a single molecule (b), of a line at the boundaries of large 
islands (c) and of a dimer (d) are displayed in the insets with their corresponding molecular ball and stick models 
(b-d: 5.2 nm × 4.0 nm). A single molecule shows a rim dominated contrast which corresponds to the EHT model of 
a molecule opening-up (e). The islands' edges are occupied with tilted molecules with a phenylene group up (g). An 
electron density map of the HOMO and LUMO for a bowl opening down is also displayed in f. (e-g: Ext. Hückel 
levels considered: 79-83 (HOMO to HOMO-4) and 84-88 (LUMO to LUMO+4). The positions of the atoms are indi-
cated as black dots.) 
 
                                                     
xxxviii Most of the results presented in this paragraph were published in ref.68. 




At low coverage (Figure 89), self-assembled domains with lines of ordered molecules at their 
edges are observed. In addition, single molecules and pairs are observed. EHT electron density maps of 
a molecule opening-up, a tilted molecule with one phenylyne (C6H3) ring pointing up and a molecule 
opening-down are presented in Figure 89. A single molecule can therefore be identified as a bowl-
opening up, corresponding to the footprint which is usually expected for buckybowls. However, a dimer 
is made of one tilted and one opening-up molecules. Rows of molecules contain only tilted molecules 
with one phenylyne group pointing up and the opposite phenylyne group aligned parallel to the surface. 
Thus, intermolecular interactions are responsible for the tilting of the molecules as observed for PiC on 
Cu(100) in paragraph IV.2. In a dimer, the arrangement of the molecules with respect to each other 
implies that the tilt of the dimer could be induced by a π-H bonding between the top phenylyne ring of 
the tilted molecule and the hydrogen atoms on the rim of the non-tilted molecule. 
 
The optimized configuration of a single molecule calculated with AMBER is tilted (Figure A. 23 
in the appendix). It is probably due to the non-consideration of polarization and electronic effects, as 
observed for monoindenocorannulene69 and pentaindenocorannulene (paragraphs IV.2 and IV.3.1). 
However, the vdW interactions between PAH is usually well taken into account by MM as observed for 
[5]H67 (paragraph III.2). In order to estimate the interaction strength and site between two C38H14, the 
central C6 ring of one bowl was fixed to the substrate in an opening-up configuration. All the other 
carbon atoms, including the other bowl could relax freely. The minimum-energy configuration is pre-
sented in the Figure 91a, b. The intermolecular binding energy of this configuration, which is in good 
agreement with what is observed on the STM images, is 4.3 kcal/mol. It is in the typical range for CH-π 
interactions252,253. The initial constraint on the first molecule does not have much influence on the final 
results: a few molecules with a constrained C6 were compared but their difference in energy after opti-
mization was only 0.04 kcal/mol higher.  
 
 
A close-up within the ordered islands (Figure 90) reveals the presence of a complex long range 
ordered structure with a (27, 0; 0, 27) unit cell. In this motif, some of the molecules do not show a rim 
dominated contrast anymore but rather a bright protrusion in the center such as the one observed in 
the Figure 89f. In total, 9 out of 27 molecules in the unit cell have their concave side pointing down. Two 
motifs are observed within the structure (Figure 90). In both cases, only three of the six molecules sur-
rounding the opening-down bowl have their convex sides pointing towards this bowl, establishing a π-
π interaction. The three other molecules point away from it, probably because they establish attractive 
π–π interactions with the convex sides of other opening-down bowls nearby. 
 





Figure 90: (a) STM image of an ordered domain formed by C38H14 on Cu(111) at low coverage (17 nm × 17 nm, 699 
mV, 168 pA). Close-ups on the two motifs encountered are shown in (b) and (c) with their corresponding models in 
(d) and (e). White arrows point at molecules with a bowl opening down contrast, from an adjacent tilted molecule 
which faces it with its convex side. 
 
MM was used to model the interaction between a bowl opening-down and a bowl opening-up 
(Figure 91c, d). No constraint on the molecules was needed in this case. However, one bowl was initially 
placed with a bowl-opening down configuration on the surface before optimization. The lowest energy 
configuration has a binding energy of 8.0 kcal/mol. This is larger than π-π interactions between two 
parallel benzene molecules126 (2-3 kcal/mol and a distance of 4.96 Å) but much smaller than corannulene 
bowl-in-bowl π-π interactions254 (15.6 kcal/mol and a distance of 3.54 Å). Exactly as observed with STM, 
the other molecule is tilted such that the phenylyne ring is pointing up. The smallest intermolecular 
distance is between two C6 rings: one at the rim of the bowl opening-down and one close to the center 
of the tilted opening-up molecule. The molecules’ alignment is probably supported by a favored ad-
sorption site for the low-lying phenylyne ring of the opening-up bowl (Figure 90). An example of local-
minimum configuration with the naphthalene group of the opening-up bowl interacting with the open-
ing-down bowl (Figure A. 23 in the appendix) results in higher energy (by +1.45 kcal/mol). 
 
So far, an opening-down adsorption geometry has only been reported for sumanene on 
Ag(111)255. This orientation has been explained by an inversion of the molecule during the process of 
adsorption in order to optimize intermolecular interactions. The inversion barrier of sumanene is 19.6 
kcal/mol in solution256 but it is more than 4 times higher for C38H14 (79.8 kcal/mol)49. It is therefore more 
likely that the C38H14 bowl turns during nucleation of the islands assembly such that it shows the best π–
π overlap with convex sides of other molecules.  





Figure 91: Top and side view of the minimum-energy models of dimers of C38H14 on Cu(111) obtained by AMBER-
force field calculation. (a, b) The central C6 ring of the bowl opening-up was constrained on the surface. (c, d) No 
constraint was applied but one of the bowl was initially turned in an opening-down configuration before optimiza-
tion. The best configurations presented here were obtained after optimization of 216 initial configurations. They 
correspond well with what was observed with STM. 
 
In conclusion, the study of C38H14 revealed that even though buckybowls are expected to pref-
erentially adsorb in an opening-up configuration too optimize their interactions with the surface, strong 
lateral interactions such as π-π or CH-π bonding between the molecules can favor a tilted or an opening-
down configuration, as confirmed using MM modeling. Note that this happens only at sub-molecular 
coverage, when intermolecular interactions are dominated by attractions. Often, short distances between 
molecules are assigned wrongly to attractive binding between various functional groups whereas they 
are often induced by packing constraints from the surface or from the surrounding molecules257,258. This 
is not the case in this work: the coverage is low and if not attracted to each other, the molecules would 
have enough space to stay far away from each other.  
 
3.3 Terphenylcorannulene on Cu(111)  
This study of terphenylcorannulene (TpC, C32H12, Figure 71)xxxix aims to show what is the influence 
of three additional annulated benzo groups on the self-assembly and on the adsorption footprint. At 
low coverage (θ << 0.1 ML), single molecules and small aggregates of TpC are observed (Figure 92a-d). 
In all cases, the molecules appear with a bright protrusion on one side and have a C-shape with a Cs 
symmetry. It corresponds to the contrast of the EHT electron density map of a molecule with the naph-
thalene group pointing up (Figure 92d) and the middle annulated benzo group adsorbed on the surface. 
                                                     
xxxix Most of the results presented in this paragraph were published in ref.272. 




Note that these STM images were recorded at sub-molecular coverage. When dimers or other aggre-
gates form, they must be dominated by attractions. In Figure 92b and d, the molecules seem to interact 
either via π-π (convex to convex) or via CH-π (convex to rim) interactions. 
 
 
Figure 92: (a-d) Large scale STM image (40 nm × 40 nm, –2.4 V, 61 pA), close-ups and models of TpC on Cu(111) 
at very low coverage (θ << 0.1 ML). In the large scale STM image, all molecules are tilted as displayed in the model 
(c). This observation is valid for single molecules (b) and small aggregates (d). Ext. Hückel electron density map of 
the HOMOxl (levels 66-70) of a molecule with the middle benzo group of the terphenyl group parallel to the surface 
is presented in (d). It corresponds with a single molecule contrast in STM (e.g. white arrow). (e, f) STM images and 
models of TpC on Cu(111) at higher coverage (θ ~ 0.75 ML), when self-assembled domains start to form. (e) STM 
image showing the formation of an ordered domain with rows of molecules (80 nm × 80 nm, 857 mV, 135 pA). A 
zoom on this structure (f) reveals that it is made of aligned tilted molecules as modeled on the side of the STM 
image. 
 
AMBER force-field optimization calculation was performed on a single TpC molecule, over 108 
initial configurations. The result is given in the Figure 92c and Figure 93a. The molecule adsorbs in a 
tilted configuration with the central benzo group of the terphenyl moiety parallel to the surface. It was 
obtained without any constraint on the molecules. This configuration is in agreement with the STM im-
ages. The best dimer configuration of 216 initial configurations tested, with both molecules free to relax 
on the surface, is made of two bowls opening-up. It does not correspond to the STM images showing 
once again that the interaction between surface and curved PAH is not properly addressed by MM. To 
gain information on the dimer binding energy, the central terphenyl C6 ring of both molecules was con-
strained on the surface. At least 16 initial configurations with various distances and angles between the 
molecules were tested. The best configuration is presented in the Figure 93b. The binding energy is 7.6 
kcal/mol. The convex-convex interaction site suggests a π-π non-covalent binding motif. 7.6 kcal/mol is 
                                                     
xl Only the HOMO is displayed based on the bias voltage used in the image (a). 




larger than π-π interactions between two parallel benzene molecules126 (2-3 kcal/mol) but about two 
times smaller than corannulenes bowl-in-bowl π-π interactions254 (15.6 kcal/mol). 
 
 
Figure 93: MM models of TpC on Cu(111). (a) Minimum-energy configuration of a dimer, with a binding energy of 
7.6 kcal/mol. The central therphenyl C6 rings of both molecules were fixed. (b) Minimum-energy configuration of a 
single molecule which could relax freely on the surface.  
 
At higher coverage (θ ~ 0.75 ML), long-range ordered structures made of tilted molecules form 
(Figure 92 e-f). The unit cell has a (4, 0; –1, 4) periodicity on surface. Because they are fitting into each 
other, the assembly is probably induced by CH-π interactions, even though at high coverages, the as-
sembly can always be induced by constraints from the substrate or from the others surrounding mole-
cules which can be repulsive and force the molecules into a specific assembly257,258. This should be kept 
in mind, especially for saturated coverage. In this case (θ ~1 ML), two structures are observed, both 
made of tilted molecules and with the same areal density (1 molecule per 14 Cu atoms). The first one 
(see images and model in Figure 94 a-c) has a stripes motif with tilted molecules aligned in the same 
direction in every second row. From one row to the neighboring one, the tilted molecules rotate by 60° 
in accordance with the symmetry of the Cu(111) substrate. In the second structure (Figure 94 d-f), double 
rows of molecules are observed. Note that this motif was sometimes also observed at lower coverage. 
In each row, the molecules are sitting side by side (convex side against convex side). The coexistence of 
two structure was also observed for corannulene128. 
 
 
In summary, TpC adopts at all coverages a tilted adsorption footprint with its middle annulated 
benzo group parallel to the surface. It means that the addition of three annulated benzo groups to 
corannulene caused the molecules to change its adsorption footprint from a position with the bowl axis 
almost perpendicular to the surface128 to a position where the axis is almost parallel to the surface. In 
addition, single-molecules can be already imaged at 60 K, whereas compounds with similar sizes, such 




as pentahelicenes67 or heptahelicenes111 are diffusing too fast on the surface to be seen. Both observa-
tions imply that the molecules strongly interact with the surface. However, the contact between the 
surface and a TpC is really limited and it indicates the presence of a strong electrostatic interaction 
(elevated interface dipole) with the copper template in addition to the vdW forces. It was already ob-
served for corannulene245, MiC69 (paragraph IV.3.1) and PiC (paragraph IV.2), This strong electrostatic 
interaction with the Cu(111) surface stabilizes this footprint at all coverages. Based on low coverages 
observation, intermolecular interactions seem to be dominated by π-π and CH-π non-covalent bonding. 
 
 
Figure 94: STM images and corresponding model of the two structures formed by TpC close to saturated ML cov-
erage on Cu(111). (a-c) Stripes structure made of tilted molecules aligned in the same direction in very second row. 
From one row to the next, the molecule tilt by 60°. (d-f) The stripe structure together with a second structure with 
a double row pattern are observed (d). A double row is made of tilted molecules aligned face to face (e-f). (Meas-
uring parameters: a: 80 nm × 80 nm, –1.2 V, 140 pA; d: 200 nm × 160 nm, 1.2 V, 137 pA; e: 7 nm × 7 nm, –671 mV, 
79 pA)  
 
3.4 Conclusion 
Three different buckybowls were studied by means of STM. Due to a complex balance between 
vdW and Pauli interactions between molecules and surface as well as intermolecular CH-π interactions, 
MiC adsorbs at ML coverage with a tilted configuration. The molecules form ordered zigzag lines of 
molecules. A pronounced charge redistribution and a large interface dipole are observed at the or-
ganic/metal interface as for PiC on Cu(100) and influence the tilt angle of the molecule. No charge-
transfer was involved. Such a large interface dipole, on the order of what is found for adsorption of alkali 
metal on metal surfaces, was never observed for planar PAH but already reported for curved PAH.  




The study of C38H14 showed an uncommon example of self-assembly with buckybowls adsorbing 
with an opening down configuration, induced by strong lateral attractive interactions (π-π and CH-π 
bonding) at low coverage. 
 
By studying TpC on Cu(111), it was observed that the addition of three benzo groups at the rim 
of corannulene modifies the molecular adsorption footprint from a position with the bowl axis almost 
perpendicular to the surface to a position where the axis is almost parallel to the surface. This footprint 
is so stable that it is observed at all coverage, independently of the π-π and CH-π interactions between 
the molecules close to saturation coverage 
 
All these results were justified using modelling techniques based on quantum mechanics (EHT 
or DFT) for the adsorption footprints. MM encountered limitations in the modelling of the surface to 
molecules interactions because of it cannot consider Pauli repulsion and polarization effects which play 
an important role for the buckybowls adsorption on metal. MM was however helpful to identify weak 
non-covalent interactions between the molecules. 
 
 




V. General conclusions and outlook 
V.1. Chiral PAH 
In the first half of this work, the on-surface self-assembly and thermally-induced chemical reac-
tions of helicenes were investigated. Rac-[5]H on Cu(111) was compared to [7]H. The larger interplanar 
angle of [5]H favored the formation of homochiral dimers, which are also energetically preferred in 3D125, 
instead of the heterochiral dimers formed by [7]H. The modification of the short-ordered structure had 
considerable impacts on the self-assembly. An heterochiral to homochiral transition in the first-layer was 
induced by second-layer nucleation. This effect was caused by an intrinsic enantiomeric excess created 
locally by the transport of molecules from the first to the second layer and favored by a limited diffusion 
of the molecules. Such effect was previously observed for [7]H, but only at enantiomeric excess. The 
tunability of the first-layer properties, induced by a small excess in coverage, could be interesting to 
achieve different functionalization for applications, e.g. in organic electronics in order to tune the mo-
lecular structure at electrode interfaces of devices. It would be interesting to study the same mechanism 
on functionalized pentahelicenes such as dicyano[5]H which has polar groups. 
 
Enantiopure (M)-1-aza[6]H was studied at low coverage on two different samples, Cu(100) and 
Au(111), inducing different adsorption footprints. On both surfaces, the short-range ordered structures 
formed by (M)-aza[6]H and [7]H were similar. This implied a small influence of a missing benzene ring 
and of the aza-group on the intermolecular interactions. The structures formed at low coverage by (M)-
amino[6]H on Cu(100) looked alike but were completely different on Au(111), inducing a different self-
assembly on this surface. This implied a stronger influence of the polar amino group compared to the 
aza group on the intermolecular interactions, especially when the substrate/molecules interactions are 
weak. Mixing experiment could also be investigated as aza[6]H can be prepared in enantiopure and a 
racemic fashion. Sergeant-and-soldiers and majority rule have only been investigated on non-function-
alized helicenes so far. 
 
The self-assembly of bis[7]H(sol), synthetized in solution prior sublimation was also studied in 
ordered to be compared with the self-assembly of bis[7]H synthetized on surface. On Au(111) and 
Cu(111) the molecules formed identical structures, due to the similar geometry of the templates and 
despite a small difference in their unit cells’ size. One structure was built with rows of homochiral bisheli-
cenes with alternating handedness and the other was made of heterochiral bis[7]H. The surface was 




overall racemic and both homochiral and heterochiral bis[7]H were observed on the surface as expected 
by the randomness and efficiency of the synthesis method used in solution. 
 
Two kinds of thermally induced on-surface chiral chemical reactions were then performed on 
helicenes. At first, Ullmann coupling was performed to determine if stereochemical effects can be in-
duced during chemical reactions of chiral molecules in 2D due to the up-down asymmetry of the surface. 
Diastereoselectivity was observed after C-C coupling of rac-Br[4]H on copper. A diastereoselectivity was 
induced by the low racemization barrier at room temperature. On both, Au(111) and Cu(111), the C–C 
coupling of Br[7]H was successful but conducted differently. When evaporated at room temperature, the 
molecules formed a self-assembly made of organometallic dimers on Cu. On Au, Br[7]H form heterochi-
ral dimers arranged into zigzag rows, as observed for rac-[7]H on Au(111), Cu(111) and Ag(111). It shows 
the weak impact of the Br atom on the intermolecular interactions. However, for Br[7]H, a larger spacing 
between the rows is observed, leading to a better ordering on Au(111). After annealing, C-C coupling 
was obtained on both Au and Cu but the presence of Br prevented the self-assembly of the produced 
bis[7]H (surf) on Cu(111). On Au(111), self-assembly was observed, but one of the ordered-structure was 
different than the one observed in the self- assembly of bis[7]H (sol). XPS measurements confirmed that 
the presence of Br atoms on the surface was not responsible for this modification. It could either be due 
to a reconstruction of the Au(111) surface or to a structural modification of the molecules during cou-
pling. The formation of different conformers on the surface, compared to the those formed during ad-
sorption of already synthetized molecules, could be another explanation. The work on Ullmann coupling 
reveals that diastereoselectivity is not induced during the reaction but can be induced later, by an inver-
sion of the molecules, which adopt the most energetically favorable configuration for close packing. In 
addition, due to the various values mentioned in the literature for the desorption temperatures of halo-
gen, the Br desorption was studied carefully with TPD and XPS. As observed previously for DBBA191, Br 
only leaves the surface in the form of HBr and therefore requires the dehydrogenation of the molecules. 
The partial dehydrogenation or cyclodehydrogenation processes being favored by steric overcrowding, 
explains the specificity of the halogen desorption process and the broad range of temperatures observed 
in the literature. This also occurs for helicenes(sol) synthetized by solution chemistry. This result is im-
portant, not only for the understanding of the Ullmann process but also because Br desorption can often 
involve a structural modification of the molecule under study, an effect too often neglected by the sur-
face science community, because they are hardly observed with standard STM and XPS techniques. 
 
The second on-surface reaction which was investigated is the decomposition of PAH on oxygen-
reconstructed copper. In this experiment, the first surface explosion of oxygen-free molecules was pre-
sented. The PAH tested all produced H2O and CO2 during their decomposition. The autocatalytic flash 




decomposition depends on the formation of vacancies in the oxygen layer which act as active surface 
sites and trigger the autocatalytic decomposition. The initialization is induced by thermal activation. 
However, flash autocatalytic decomposition was not observed for all PAH. This study showed that two 
ingredients were needed: the possibility of easy dehydrogenation by steric overcrowding and the pres-
ence of a Br in the molecule. When at least one of these two factors is missing, the decomposition is not 
autocatalytic. On O/Cu(100), the released hydrogen can react with the oxygen layer and creates a first 
vacancy which initiates the autocatalytic decomposition process. This hypothesis is supported by our 
work on the desorption of Br during Ullmann coupling of Br[7]H: different explosion temperatures are 
indeed observed for different PAHs and we showed that these PAHs have different partial dehydrogena-
tion temperatures which would then involve different initiation temperatures of the explosion process. 
The second important ingredient of surface explosion is the presence of a molecular anchoring to the 
surface due to debromination well before explosion. Without anchoring, e.g. for [7]H, no surface explo-
sion occurs. Because of the weakening of C-C bonds adjacent to an organometallic C-Cu bond, “anchor-
ing” might allow the destabilization of the stability of benzene rings leading to easier dissociation of CO2 
production and flash autocatalytic decomposition. However, many experiments still need to be per-
formed in the future to improve our understanding of this effect on strained PAH. The first one is about 
the nature of the decomposition products: carbon is indeed still present on surface after the reaction as 
confirmed by XPS. Surface explosion could be used to produce certain compounds in addition to CO2 
and H2O which could even be chiral such as in ref.198. The observation of surface explosion of Br-termi-
nated PAH with strain in their molecular backbone raises a number of questions and permits novel ex-
periments. For instance, other halogens and functional groups may also permit the explosion and the 
nature of the metal surface or the purity of the molecular compounds might have a considerable influ-
ence on the reaction. Despite those unsolved questions, the impacts of this study are numerous. At first, 
it should increase the awareness on the easy reduction capability of certain metal-oxides such as copper: 
in the race for surface functionalization for new devices, many chemical and coupling reactions are now 
studied on surfaces but this aspect is often neglected. In addition, the present work opens the path for 
many other experiments which could develop the current understanding of autocatalytic reactions but 
also of heterogeneous catalysis.  
 
V.2. Curved PAH 
PiC was studied at different coverages on Cu(100) for which different adsorption footprints were 
observed. At low coverage, when intermolecular interactions are negligible, PiC adsorbs bowl opening-
up with its bowl axis perpendicular to the surface. However, at saturated monolayer coverage, CH-π and 




π-π intermolecular interactions induce a tilt of the molecules. The assembly is similar to what was ob-
served for MiC which has only one indeno group instead of five. PiC adsorbs with two indeno groups 
parallel to the surface instead of one for the MiC on Cu(100). 
 
Using EHT, MM or DFT computations, the adsorption configuration and the self-assemblies 
formed by MiC, C38H14 and TpC on Cu(111), observed with STM could be determined. In particular, as-
sumptions concerning the nature of the different interactions (π-π, CH-π…) responsible for the different 
observed motifs could be justified. As for PiC, MiC adopted a tilted configuration at saturated ML cov-
erage but with a different ordered-structure than on Cu(100) due to the different substrates symmetries. 
This configuration is due, as for PiC, to a complex balance between vdW and Pauli interactions between 
molecules and surface as well as intermolecular CH-π interactions. A large interface dipole without 
charge-transfer was also observed. Such large charge redistribution might be interesting to tune the 
injection properties of metalloorganic interfaces in optoelectronic devices. The asymmetry of TpC in-
duced a tilt of the bowl at all coverages with the bowl axis literally parallel to the surface. The self-
assembly observed at saturated ML coverage was justified the attractive π-π and CH-π non-covalent 
bonding forces between the molecules. Intermolecular interactions induced the uncommon bowl-open-
ing-down adsorption footprint for some of the C38H14 in the self-assembly formed by these molecules 
at medium coverage. These results were justified using EHT, MM or DFT. The computationally depend-
ing, quantum-based DFT was compared with MM based on classical-mechanics. The motivation to com-
pare both modelling techniques came from the pentahelicene case (paragraph III.2) where both gave a 
really similar final molecular configuration on Cu(111)67. Unfortunately, for buckybowls strong charge-
induced polarization effects induced by the adsorption of curved PAH on metals need to be considered. 
MM is based on classical mechanics which does not consider the electrons explicitly and is not able to 
account for polarization and charge redistribution and therefore cannot compute the exact adsorption 
footprint of buckybowls. However, it can consider the weak non-covalent interactions between the mol-
ecules. Note that the DFT method used in this work uses  functionals which consider polarization effects 
but it still have limitations. DFT predicted for example, a tilted adsorption footprint for PiC at low cover-
age but the experimental results indicated that this configuration is only observed when at least two 
molecules interact with each other. 
 
 Thermally induced on-surface chemistry was performed using PiC on Cu(100) in order to form 
new species. The low coverage case (θ < 0.3 ML) was particularly interesting because annealing at 503 
K led to the formation of flat star-shaped molecules probably induced by copper catalyzed C-C bonds 
breaking in order to optimize the contact area between the molecules and the metal surface. The stars 
could however be use as a precursor for growing 2D materials such as graphene or nanoribbons. It could 




also be interesting to form functional layers on surface by trying to deposit compounds (such as fuller-
enes) in the bowls or between two PiC. They could also be used as a precursor for endofullerene for-
mation. At higher coverage (0.3 ML < θ < 0.7 ML), annealing leads to the formation of rows of molecules 
fitting into one another. PiC should be investigated on other metal surfaces such as Ag and Au to deter-
mine the catalytic influence of the surface on the reaction products of the thermally-induced reaction. 
Other buckybowls should also be annealed to determine what parameters, e.g. the bowl curvature, lead 
to a flattening of the molecules. The formation of a nanotube cap starting from flat precursors was 
already observed29 but the PiC show the exact opposite phenomenon. 
 
V.3. General remarks and outlook 
In addition to the individual results obtained for each case study, this thesis sheds light upon 
more general behaviors of PAH. For instance, all studied molecules, when adsorbed on metal surfaces 
encountered strong Pauli repulsion, an effect which was stronger for curved PAH, leading to a strong 
charge redistribution at the PAH/metal interface. It induced the presence of a strong interface dipole. 
For curved PAH, self-assembled motifs were mostly induced by π-π and CH-π non-covalent intermolec-
ular interactions. These interactions can be quite strong and induce a different footprint on the surface 
when the molecules interact with each other with respect to the footprint of a single molecule. This effect 
was not observed for chiral PAH for which the footprint determined by the substrate was only weakly 
disturbed by the intermolecular interactions: all helicenes adsorb with their lowest three first C6 rings 
parallel to the surface.  
 
Moreover, this work showed that the small structural modification consisting of additional ben-
zene rings on the molecular backbone has already important incidences for non-planar PAH. It can rev-
olutionize the intermolecular interaction and self-assembly, induce a change in the adsorption footprint 
or influence the reaction products of a coupling reaction. 
 
This thesis also reveals the important role played by hydrogen in on-surface chemistry. For 
Ullmann coupling, Br desorption was induced by dehydrogenation of the molecules leading to a 
structural modification of the reaction products. Similarly, partial dehydrogenation of helicenes induced 
by steric overcrowding was one of the necessary requirements to observes autocatalytic decomposition. 
The H-induced chemical reactions should not be underestimated. 
 




Various surface sensitive techniques were employed to gain useful information about the chem-
ical composition, the structural molecular arrangement, the desorption of reaction products, the ther-
modynamics, etc. For instance, the sub-molecular resolution of STM successfully allowed the discrimi-
nation of absolute configuration of single molecules and thus the study of molecular recognition in 
monolayers. Despite being slow, STM could also provide insights into fundamental processes of crystal-
lization.  
 
Surface chemistry has a huge economic impact due to its applications in today’s world: medical 
devices, optoelectronics, chemicals production, fuels or new materials and interfaces design. The 
constant development of new technologies and their ‘nanoisation’ calls for molecular-level 
understanding of surface chemistry in complex environments. This work demonstrates how surface 
science tools facilitates the investigation of problems posed currently and to set fundamental knowledge 
about molecular-level interactions at the interfaces and about on-surface chemistry and their 
thermodynamics in various conditions, leading to the new technological advances and industrial 
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A. Additional results 
A.1. Pentahelicene 
 
Figure A. 1: Top and side views of the charge redistribution induced by the adsorption of [5]H on Cu(111) as cal-
culated with DFT by Dr. Laura Zoppi. Red shows the accumulation of charge and blue the depletion. 
 
Figure A. 2: Ball models of the three checkerboard rotational domains formed by rac-[5]H on Cu(111). The red and 
dark blue rings highlight the uppermost ring of a (P)-[5]H and a (M)-[5]H respectively. a, b and c correspond respec-
tively to ε, β, and δ of the Figure 16. 
 
Figure A. 3: Ball models of a domain of the honeycomb structure formed by rac-[5]H on Cu(111). A dark blue ring 







Figure A. 4: Electron density maps of the frontier orbitals close to the LUMO (LUMO to LUMO+4, states 138 to 142 
Extended Hückel) for all possible configurations of the bis[7]H, after geometric optimization on a Cu(111) slab with 
AMBER force field. In the case of homochiral configurations, only the M case is presented, the P configuration can 
be obtained by reflection. For each configuration, there are two possible cases: one where the left part of the mol-
ecule is on top of the other one and one where the left part is below. They share the same name but a “B” is added 
to the name in the second case. 
 
Figure A. 5: Models of the parallelogram structure based on the EHT STM simulations (states 138-142 Ext. Hückel, 






Figure A. 6: STM image of the clean Cu(111) template (5 nm×5 nm, 280 mV, 1.6 nA). The [110] direction of the 
Cu(111) is rotated by 9 ± 3° (counter-clockwise) with respect to the vertical direction.  
 
 
Figure A. 7: Same large scale STM image (200 nm × 200 nm, 29 pA, 1.575 V) of bis7[h]on Cu(111) as in the Figure 
1. There is no parabolic filtering in this case. The real height difference between the steps is observed. 
 
 







Figure A. 9: STM image of the parallelogram structure on Cu(111) (20 nm × 20 nm, 1.85 V, 25 pA). ETH electron 
density maps (states 138-142 Ext. Hückel, LUMO to LUMO+4) of (P,M)-9,9’-bis[7]H are superimposed on the STM 
image. Both contrasts of the model and measured STM data correspond. 
 
Figure A. 10: Large scale STM image (200 nm × 200 nm, 25 pA, 2.05 V) of bis7[H] on Cu(111) showing the coexist-
ence of the zigzag and parallelogram structure around monolayer (ML) coverage. 
 
Figure A. 11: STM images (a: 16.8 nm × 16.8 nm, 31 pA, 1.93 V; b: 10 nm×10 nm, 28 pA, 2.09 V) of the zigzag 
structure on Cu(111). (a) (M,M)-bis[7]H are brighter than (P,P)-bis[7]H. (b) It is a mirror domain of (a), rotated by 60° 







Figure A. 12: Electron density maps of the frontier orbitals of different organometallic (levels 90-92, Ext. Hückel) 
and organic (levels 84-86, Ext. Hückel) bis[4]H that could possibly be obtained after Ullmann coupling of 2-Br[4]H 
on copper. EHT calculations were performed on molecules which were optimized on a fixed 4-layer Cu(100) slab 
using AMBER force field calculation. To compare with the STM images (positive bias: tunneling into unoccupied 
states of the sample), only the states close to the LUMO (LUMO to LUMO+3) were considered. 
 
 
Figure A. 13: Minimum-energy configuration of a heterochiral Br[7]H dimer, obtained from MM calculations (AM-
BER force-field), computed from 287 initial configurations. The four-layer Au(111) slab was constrained and the two 
molecules were free to relax. 
 
Figure A. 14: TDS graph showing the autocatalytic decomposition of different nominal coverages (above 1 ML) of 






Figure A. 15: C1s XP spectra for 1 ML of diBr[4]H deposited on O/Cu at 300 K and after annealing at 348 K. Before 
annealing, the C1s spectrum exhibits a shoulder at 285.2 eV, indicative of C-Br. This shoulder is replaced by a shoul-
der at lower binding energy (283.3 eV) after annealing. Such low binding energy C1s species are characteristic for 
organometallic C-metal bonds.222,224,225 The fits have been performed while keeping the relative intensities of the C-
Br and C-Cu species fixed to 1/8, as expected for the stoichiometry of diBr[4]H. 
 
Figure A. 16: TDS graph showing the autocatalytic decomposition of Br[7]H, diBr[4]H, Br[4]H and diBrbianthracene. 
The H2O (18 amu) signal was measured for a heating rate of 3 K/s. The signal for Br[4]H is truncated because the 
mass spectrometer was saturated (too high sensitivity). 
A.4. Pentaindenocorannulene 
 
Figure A. 17: STM images of PiC on Cu(100) showing ordered structures at ML coverage. (a) In a domain, single 





nm, –2.62 V, 22 pA, annealing 15 min at 473 K). (b) The molecules arrange in rotational domains which are perpen-
dicular to each other (30 nm×30 nm, 2.05 V, 31 pA, annealing 15 min at 473 K). 
 
 
Figure A. 18: STM images (a: 89.8 nm × 89.8 nm, –2.62 V, 22 pA, annealing 15mn at 473 K; b: 86.4 nm × 86.4 nm, 
25 pA, 3.08 V, no annealing). In both images, the ordered domains are made of rows of molecules. Two different 




Figure A. 19: (a) Side view of the charge redistribution after adsorption of PiC on Cu(100). Red shows the accumu-
lation of charge and blue the depletion. (b) Density of states of an isolated PiC and for the molecule on the Cu(100) 
substrate. All electronic states of the adsorbate match the components of the isolated molecule. (c) Planar linear 
electron density perpendicular to the surface. The depletion of charge in the molecules and the accumulation of 







Figure A. 20: TD spectrum of PiC on Cu(100) (empty symbols) for different heating rate (0.33, 1, and 3 K/s). Spectra 
of the clean Cu(100) are also displayed (filled symbols) as a comparison. The spectra were offset for clarity. 
 
 
Figure A. 21: XP spectra of 1 ML (a) and 1.21 ML (b) of PiC on Cu(100) after annealing for 15 min at different 
temperatures. In both cases, the C1s peak observed at 284.6 eV after molecular adsorption shifts to lower energy 
value due to the C-H bond breaking and the stronger binding of the molecules with the surface or with copper 
adatoms (formation of organometallic species) 224,225. At 873 K, the peak switches back to higher energy due to the 





A.5. Monoindenocorannulene  
 
Figure A. 22: Left: Details of the modelled structure of MiC on Cu(111) presented in Figure 87. Right: lowest-energy 
dimers computed with AMBER-force field geometry optimization from 288 initial configurations. CH-π bonds are 




Figure A. 23: MM models of C38H14 on Cu(111). (a) Optimized configuration of a single molecule obtained after 
optimization of 108 initial configurations. Without constraints, the bowl adopts an opening-up configuration which 
diverges with the STM results. (b) Optimized configuration of a dimer sticking in a local energy minimum and inter-
acting via the naphthalene group of the tilted molecule. This motif is 1.45 kcal/mol higher in energy than the con-
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